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Hydrogenolysis of Hydrocarbons over Supported Ru catalysts 
 
ABSTRACT：As substation for petroleum resources, biomass is expected to replace the role. 
Especially, algal biomass can be alternative because the some oils are essentially same structure for 
petroleum resources. Representative oils are squalene and botryococcene which are multi-branched 
hydrocarbons. However, these hydrocarbons are heavy oil and therefore the direct use as 
transportation fuel are difficult. FT wax and waste plastics are also assumed as alternative resources 
but these compounds are also heavier compounds. Therefore, it is necessary for using as 
transportation fuel to cleave C-C bonds and produce lighter hydrocarbons. In previous works, 
Ru/CeO2 with highly dispersed Ru particles achieved regioselective hydrogenolysis of squalane 
which is completely hydrogenated squalene. 1,2) Internal C-C bonds were cleaved regioselectively 
and branched alkanes which could be used as transportation fuel were produced without significant 
formation of gaseous compounds produced by dissociation of methyl groups in side chain. This 
thesis discussed development of new Ru catalyst for regioselective hydrogenolysis for cleavage of 
internal C-C bonds, application of Ru/CeO2 for other hydrocarbons which were other alga-derived 
hydrocarbon and polyolefins, and characterization of Ru/CeO2 during preparation and reduction. 
[Regioselective hydrogenolysis of alga-derived squalane over Ru-VOx/SiO2 catalyst 3)] For the 
purpose of development of new Ru catalyst, addition of 2nd metal to Ru catalysts was conducted in 
hydrogenolysis of squalane. V improved the regioselectivity with suppression of formation of 
methane although the activity was decreased. To determine the optimized V/Ru ratio, hydrogenolysis 
of squalane over Ru-VOx/SiO2 with several V amount was conducted. While the activity was 
decreased with V amount, the orders of suppression of methane formation and regioselectivity were 
0.5 (V/Ru) > 0.25 > 1.0 > 0 and 0.25 (V/Ru)  0.5 > 1.0 > 0, respectively. Above all results, the 
optimized V/Ru ratio was 0.25 with the balance of activity and selecticity. From H2 chemisorption, 
XRD patterns, and XAFS analysis, Ru particle size in Ru-VOx/SiO2 catalysts was almost same 
regardless of V amount. In contrast, disersion of Ru species was decreased with V amount. Therefore, 
V covered Ru surface and changed Ru ensemble size, which resulted in improvement of 
regioselectivity. Compared with regioselectivities between Ru-VOx/SiO2 and Ru/CeO2, suppression 
of methane formation occurred more over Ru/CeO2 and the activity was higher than those of 
Ru-VOx/SiO2. Therefore, the catalytic performace of Ru/CeO2 was higher.  
[Production of gasoline fuel from alga-derived botryococcene by hydrogenolysis over Ru/CeO2 
catalyst 4)] Hydrogenolysis of hydrogenated botryococcene (Hy-Bot) was conducted over Ru/CeO2 
to produce gasoline fuel. Hy-Bot has multi-branches in the structure and therefore it is expected that 
products which can be used as gasoline with high octane number are obtained when internal C-C 
bonds are cleaved. Ru/CeO2 gave the less number of products than that of previous work using 
bifunctional catalysts with metal and acid. Highest yield of gasoline (C5-C12) was achieved at 
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70 %-C at 513 K for 30 h at 6 MPa of H2. This value was the highest yield of gasoline derived from 
alga-derived botryococcene and temperature was much lower than that of literature typically at  
673 K. Products including 2,3-dimethylbutane had high octane number and stability. 
[Catalytic transformation of polyethylene over Ru/CeO2 catalyst] As substitution of petroleum 
resources in future, chemical recycle of waste plastics is paid attention. In this section, 
hydrogenolysis of low density polyethylene (LDPE) over Ru/CeO2 was conducted. Polyethylene is 
converted to linear hydrocarbons when internal C-C bonds are cleaved. Carbon length was shortened 
with reaction time gradually. Highest liquid fuel (C5-C21) yield was achieved at 84 %-C at 513 K 
for 8 h at 6 MPa of H2 pressure. In order to compare with conventional hydrocracking catalyst, 
Pt/H-USY was prepared and the same reaction was conducted. As a result, the activity, yield of 
liquid fuel, and suppression degree of gas formation was higher in Ru/CeO2 than those of Pt/H-USY. 
In addition, Ru/CeO2 had higher catalytic performance in terms of resistance to coke deposition and 
suppression of isomerization of products from TG-DTA and NMR, respectively. Therefore, Ru/CeO2 
was also applicable for degradation of polyethylene. 
[Formation mechanism of Ru/CeO2 catalyst during heating and reduction 5)] Ru/CeO2 was prepared 
by heating in N2 flow instead of calcination in air. And then, in order to clarify the mechanism of 
formation of highly dispersed Ru particles, several characterizations including in situ XAFS were 
conducted. After impregnation of Ru(NO)(NO3)3-x as Ru precursor, some nitrate ions were remained 
on Ru species. After heating in N2 flow, non-crystalline Ru oxide was formed in contrast to the case 
of calcination in air that crystalline RuO2 was formed. Especially in the case of Ru/SiO2, 
non-crystalline Ru oxide were formed partially with crystalline RuO2 due to the low dispersion of 
Ru species. Crystalline RuO2 in Ru/CeO2 calcined in air was partially and gradually reduced to 
metallic Ru species without the change in the number of Ru atoms in one particle. On the other hand, 
non-crystalline Ru oxide in Ru/CeO2 and Ru/SiO2 heated in inert gas flow was reduced particle by 
particle. After all, the dispersion of Ru catalysts was determined before the calcination in air or the 
heating in inert gas, and heating in inert gas prevented the formation of crystalline RuO2. 
[Conclusion] Addition of V suggested change of Ru ensemble size and improved regioselectivity of 
Ru/SiO2. Ru/CeO2 also showed the regioselectivity for internal C-C bonds even in other substrates 
which were alga-derived hydrogenated botryococcene and polyethylene. Therefore, Ru ensemble 
size on exposed Ru surface and dispersion of Ru particles were the important factor in the 
regioselectivity. On the other hand, dispersion of Ru particles was determined before 
calcination/heating and reduction, and therefore the select of support and Ru precursor are important 
to prepare the highly dispersed Ru particles in monometallic Ru catalyst. 
[Reference] 1) S. Oya, D. Kanno, H. Watanabe, M. Tamura, Y. Nakagawa, K. Tomishige, 
ChemSusChem 8 (2015) 2472-2475. 2) Y. Nakagawa, S. Oya, D. Kanno, Y. Nakaji, M. Tamura, K. 
Tomishige, ChemSusChem 10 (2017) 189-198. 3) Y. Nakaji, Y. Nakagawa, M. Tamura, K. Tomishige, 
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Fuel Process. Technol. 176 (2018) 249-257. 4) Y. Nakaji, S. Oya, H. Watanabe, M. M. Watanabe, Y. 
Nakagawa, M. Tamura, K. Tomishige, ChemCatChem 9 (2017) 2701-2708. 5) Y. Nakaji, D. 
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1.1. Utilization of petroleum resources 
1.1.1. Petroleum resources as production of fuel and chemicals 
Petroleum, which is one of fossil fuels, has overwhelming value for modern industry as a resource 
for production of fuel and chemicals, and our life keeps receiving the benefit. Before the use of 
petroleum resources, oil refinery is necessary for crude oil which is composed of alkane, 
naphthenes, aromatics, and asphaltic hydrocarbons. The process contains many treatments such as 
distillation, hydrogenation, desulfurization, and so on, and then produces gaseous hydrocarbons, 
gasoline, naphtha, kerosene, light oil, heavy oil, asphalt, and so on. 
Global demand for oil products in 2017 is shown in Table 1-1 [1]. The main use of petroleum 
resources is transportation fuel including gasoline, jet/kerosene, diesel/gasoil, and others are used 
for petrochemical industry. Furthermore, as another utilization method, thermal power station 
consumes petroleum for production of electricity by combustion. On the other hand, naphtha is 
also important composition for chemical industry. Pyrolyzed naphtha is converted to olefinic 
compounds such as propylene, butadiene, and BTEX compounds which is composed of benzene, 
toluene, ethylbenzene, and xylene. Therefore, the potentiality to produce energy in several 
methods and the role of the source of chemicals in industry has made petroleum the most valuable 
resources among some fossil fuels for decades. 
 
1.1.2. Depletion of petroleum resources 
Many researches have been reported about investigation of the available amount of petroleum 
[2,3]. Table 1-2 shows each petroleum amounts of consumption, reserves, and production in the 




production. Recently, Asia-Pacific region has consumed the large amount of petroleum remarkably 
and it was mainly derived from economic development of China and India. Actually, the 
consumption amount of petroleum in China and India was increased from 610.7 and 227.1 to 641.2 
and 239.1 in single year, respectively, in contrast to the case of Japan where the amount was 
decreased from 187.8 to 182.4. Energy utilization using petroleum resources could not be removed 
from our life and therefore development of alternative technology or utilization of sustainable 
resources is necessary for the production of energy and chemicals in future. 
 
1.2. Alternative carbon resources in future 
1.2.1. Biomass-derived hydrocarbons 
Biomass is one of promising resources as substitution for petroleum resources due to the 
sustainability, sufficient volume in the world, low environmental burden as carbon neutral, and so 
on. In United States, the US Department of Energy evaluated highly valuable chemicals by several 
criteria and listed 10 chemicals produced from carbohydrates named as the DOE Top 10 report [4]. 
A few years later, the list was modified with addition of several compounds and reported as Top 
10 + 4. [5] Biohydrocarbons, especially derived from microalgae and bacterium, were listed in 
“Top 10 + 4” mainly evaluated by extensive recent literature and direct substitution. The other 
compounds are as follows: ethanol, furfural, 5-hydroxymethylfurfural, 2,5-furandicarboxylic acid, 
glycerol/derivatives, isoprene, lactic acid, succinic acid, 3-hydroxypropanoic acid, levulinic acid, 
sorbitol, and xylitol. These compounds except isoprene contain oxygen atoms in the structure, and 
the substitution for petroleum resources as source of hydrocarbon fuel is not favorable. 
Algal biomass is expected to be alternative resource because of the algae’s high biomass 
productivity and no competition of algal cultivation with food production. [6] Among the 
components of algal biomass such as triglycerides, polysaccharides, and amino acids, 
hydrocarbons without a heteroatom, which are produced by some algae species, attract much 




squalene (2,6,10,14,18,22-hexaen-2,6,10,15,19,23-hexamethyltetracosane) from 
Aurantiochytrium mangrovei [8] and botryococcene (polymethylated triterpenes CnH2n-10, n=30-
37) from Botryococcus braunii [9,10]. 
 
1.2.2. Waste plastics 
Waste plastics can be substitution for petroleum because of the abundant production amount and 
low price as starting materials [11,12]. Production amount of plastics reached 359 million tons in 
2018 and has increased by 3% over 2017 [13]. Most of waste plastics are buried on the land and it 
is serious problem especially in Japan due to the narrow area of country. Furthermore, the structure 
of polyolefin is very similar to components of petroleum. Recycling waste plastics also connects 
to solution for environmental issues such as ocean pollution by microplastics. Therefore, it is 
highly and also environmentally valuable to reduce the amount of waste plastics. 
 
1.3. C-C bonds cleavage of hydrocarbons 
1.3.1. Comparison of hydrocarbon resources and hydrocarbons utilized in the society 
Hydrocarbon resources are currently almost equal to fossil fuel resources which consist mainly 
of oil, coal, and natural gas. As shown in Table 1-3, huge amount of primary energy is used and 
the domestic supply is counted up to about 20000 PJ in 2018. [14] The ratio of fossil fuels are up 
to 85.5% and the dependency for energy production is very high. Among fuels, petroleum 
resources give the highest value of energy.  
As shown in section 1.1.1, the use of petroleum resources mostly in modern society is 
transportation fuel, especially in use of gasoline and diesel fuel. General composition of gasoline 
are listed in Table 1-4. [15] The range of carbon number is C4-C12 and the components are 
paraffins, isoparaffins, aromatic compounds, naphthenes, and olefins. Representative components 
are isoparaffins and aromatic compounds, and these compounds have high octane number. In the 




cycloalkanes, bicycloalkanes, alkylbenzenes, indanes, tetralines, and naphthalenes. [16] On the 
other hand, as chemicals from petrochemical industry, olefins, aromatic compounds, synthetic 
resins, raw materials for synthetic resins, synthetic rubbers, and others are produced as shown in 
Table 1-5. [17] Much of chemicals are polymeric materials or the raw materials for synthesizing 
those and the highest ratio of products is 28% for olefins. Above results, most of all hydrocarbons 
utilized in our society are small molecules with shorter carbon length than components of 
petroleum, and they are manufactured by cracking technology. 
 
1.3.2. Non-catalytic reaction of C-C bonds cleavages 
Pyrolysis is non-catalytic representative reaction of C-C bond cleavages. The reaction proceeds 
via free-radical mechanism without catalyst at 1073 K typically. Particularly in petroleum refinery, 
ethylene cracker, which is conversion process from hydrocarbon feedstocks such as ethane and 
naphtha to light olefin, is famous and important process [18]. The main use of light olefins are 
monomers for production of polymeric materials such as resins and fibers.  
 
1.3.3. Catalytic C-C bond cleavages in hydrocarbons 
Fluid catalytic cracking (FCC) is conversion process from heavy weight fraction in crude oil to 
gasoline and olefinic compounds in petroleum refinery using FCC catalyst as which Y-type zeolite 
(faujasite) is mainly used [19-21]. Long-chain hydrocarbons in crude oil are cracked into short-
chain olefins with branches. Due to the production of branches and olefinic bonds, octane number 
is improved and then it can be used for gasoline fuel. BTEX compounds are also manufactured in 
this process. 
Among other methods, C-C bond cleavage of heavy hydrocarbons using H2 is also highly useful 
catalytic system. Hydrocracking using metal-acid bifunctional catalysts such as Pt/zeolite and 
Pt/SiO2-Al2O3 is one of the most typical methods of C-C bond cleavage of heavy hydrocarbons 




for hydrogenation/dehydrogenation and protonation/deprotonation, respectively, and cracking 
occurs by-scission. This method involves isomerization and it is effective to refine the 
petroleum-based straight-chain hydrocarbons. 
Scheme 1.1 Reaction mechanism for hydrocracking of hydrocarbons 
Another method for C-C bond dissociation is hydrogenolysis over monofunctional metal 
catalysts. Representative metals are as follows: Ru, Ir, Rh, Pt, and Ni [30-33]. Although several 
hydrogenolysis mechanism have been suggested, the mechanism involving internal Csecondary-
Csecondary bonds dissociation by hydrogenolysis over Ru and Ir catalysts was considered as Scheme 
1.2 [33,34]. In both cases, H atom of hydrocarbon molecule is removed during adsorption of 
hydrocarbon on metal surface and metal–carbon bond (single or triple bond) are formed. Then, 
addition of hydrogen species in metal surface to the adsorbed hydrocarbon species breaks metal-
carbon bond, and cracked hydrocarbons are produced. Therefore, there is no opportunity that 
cracked hydrocarbons are isomerized, which is different from the case of hydrocracking over 





























Scheme 1.2 Reaction mechanism for hydrogenolysis of hydrocarbons over (i) Ru and (ii) Ir 
catalysts. (Re-produced from Ref. [33,34]). (ii) Free energy changes are shown for lumped steps 
that dehydrogenate the alkane (GD), desorb hydrogen (GH), adsorb the dehydrogenated 
hydrocarbon (GA), and rupture the C−C bond (GR). ( denotes groups of quasi-equilibrated 
steps that are observed directly or implied by transition-state theory (TST); and the moles of gas-
phase H2 indicated are cumulative along the reaction coordinate). Measured activation free 
energies, G⧧, equal the sum of free energy changes for all preceding steps and depend, in part, on 
the free energy of the transition state (G⧧) and the gaseous H2 (GH2) that is produced in quasi-
equilibrated steps that form the transition state. 
 
1.3.4. Regioselective hydrogenolysis of alga-derived squalane over Ru/CeO2 
Recently, our group has reported regioselective hydrogenolysis of squalane, which is completely 



































































Csecondary-Csecondary bonds were cleaved regioselectively without significant isomerization. Main 
products had branches corresponding to squalane structure and C14-C16 products could be used 
for jet/diesel fuel. Ru/CeO2 had very small Ru particles under 1.5 nm by XRD patterns and the 
dispersion was also high (H/Ru: about 0.9) by H2 chemisorption. In contrast to the case of Ru/CeO2, 
the regioselectivity was lower over Ru/SiO2 with higher methane selectivity because Ru/SiO2 had 
larger Ru particles (about 4 nm) in spite of same preparation method. Ru is known to be a structure-
sensitive active metal in some catalytic reactions such as Fischer-Tropsch synthesis [36], ammonia 
synthesis/decomposition [37], and hydrogenolysis of C-O bonds [38], and then highly dispersed 
Ru particles are also considered to show the regioselectivity for hydrogenolysis. 
 
1.3.5. Degradation of polyolefin 
Degradation of polyolefin has been investigated to overcome environmental issues. 
Representative methods in degradation of polyethylene are pyrolysis [11], cross alkane metathesis 
[39], reverse Ziegler-Natta polymerization [40], and hydrocracking (hydrogenolysis) [41,42]. 
Pyrolysis gives olefins, paraffins, naphthenes, and aromatics with high yield typically at > 673 K 
with or without catalyst. Cross alkane metathesis is composed of dehydrogenation, olefin 
metathesis, and then hydrogenation and produces light alkane. Homogeneous Ir catalyst and 
heterogeneous Re catalysts are used for hydrogenation/dehydrogenation and olefin metathesis, 
respectively. Reverse Ziegler-Natta polymerization produces light alkanes with gaseous products 
over silica-supported zirconium monohydride at 423 K. Hydrocracking and hydrogenolysis are 
carried out over bifunctional catalysts [41] or Pt/SrTiO3 catalyst [42] typically at 573 K and 
produce high liquid products. 
 
1.4. Methods to improve noble metal catalysts 
Addition of 2nd metal for development of catalyst is known to improve the catalytic performance. 




improve the catalytic performance [43-48]. In our laboratory, some works have been carried out 
reporting the improved performance by addition of 2nd metal such as hydrogenolysis of glycerol 
over Ir-ReOx/SiO2 [45], hydrodeoxygenation of cyclic vicinal diols over WOx-Pd/ZrO2 [46], 
selective hydrogenolysis of 1,4-anhydroerythritol over Rh-MoOx/SiO2 [47], and so on. Therefore, 
addition of 2nd metal is expected to improve the catalytic performance for regioselective 
hydrogenolysis for branched alkanes. 
Dispersion and particle size is an important factor for catalytic performance of noble metal 
catalyst. Especially in supported Ru catalysts, correlation between Ru particle size and catalytic 
performance, which means activity and selectivity, is known as structure-sensitivity as described 
in section 1.3.4. Relation between coordination number of Ru-Ru bond and Ru particle size is as 
follows: 3.3 and 0.84 nm, 5.2 and 2.6 nm, 10 and 7.0 nm [37]. In our previous works, the structure 
of Ru/CeO2 with highly dispersed Ru particles after reduction has been characterized well. On the 
other hand, the characterization before reduction, particularly in heating in N2 flow, was short to 
demonstrate the formation mechanism of small Ru particles. X-ray absorption spectroscopy (XAS) 
is powerful characterization method for heterogeneous metal catalysts, giving information on 
oxidation state, particle size, structure of oxidized state, and so on. In addition, XAS enables us to 
grasp the catalyst state during the preparation or even reaction because it can be carried out under 
various temperatures and gas atmospheres. In our group, the formation mechanism for biomass 
conversion catalysts by using quick-scanning X-ray absorption fine structure (QXAFS) during 
temperature-programmed reduction with H2 (TPR-XAFS) for Rh-ReOx/SiO2 and Ir-ReOx/SiO2 
catalysts were conducted [49,50]. Similar to these cases, structural change of Ru particles with 
high dispersion during heating in N2 and reduction with H2 can be suggested by TPR-XAFS. 
 
1.5. Purpose of this thesis 
Biohydrocarbons, which are produced by some microalgae and waste polyolefins, have similar 
structure to the components of petroleum and can be substitute for production of fuel from 




polyethylene are too large to use as transportation fuel such as gasoline, jet, and diesel fuel, and 
therefore cleavage of some C-C bonds is necessary. In addition, C-C bond cleavage needs high 
temperature and therefore it is favorable to make conditions milder. 
 
1.6. Outline of thesis 
This thesis represents the results of catalytic performance and characterization of Ru catalysts for 
hydrogenolysis of alga-derived hydrocarbons and polyolefin. 
Chapter 1 (this chapter) is a general introduction of a review of the utilization of petroleum 
resources, alternative carbon resources in future, and C-C bonds cleavage of hydrocarbons. The 
purpose of this thesis is also described therein. 
Chapter 2 presents regioselective hydrogenolysis of alga-derived squalane over Ru catalysts 
developed by addition of 2nd metal. Ru-VOx/SiO2 showed higher regioselectivity for the reaction 
than Ru/SiO2, although the activity was decreased. Improvement of regioselectivity was 
investigated by model reaction over Ru-VOx/SiO2 catalysts with several molar ratio of V/Ru and 
the decrease of methane selectivity was found to be caused by suppression of terminal C-C bonds 
dissociation. V covered the surface of Ru particles and decrease of Ru ensemble size was suggested. 
Chapter 3 shows production of gasoline-range fuel from alga-derived botryococcene by 
hydrogenolysis over Ru/CeO2 catalyst. 70 %-C yield of gasoline-range fuel was obtained by 
hydrogenolysis of hydrogenated botryococcene (Hy-Bot) at lower temperature. Products are 
composed of multi-branched alkanes with high research octane number (RON) such as 2,3-
dimethylbutane (103.5) [51]. This is the highest yield of gasoline-range fuel in conversion of 
botryococcene over supported metal catalysts. Although carbon balance was low during the 
production of heavy hydrocarbons, dehydrocyclization reaction of Hy-bot might produce cyclic 
compounds and make the product distribution complex indicated by hydrogenolysis of 2,5-
dimethylhexane which is a substructure of Hy-Bot. 
Chapter 4 presents catalytic transformation of polyethylene to liquid fuels over Ru/CeO2 in 




suppression of gaseous products (C1-C4) under 10 %-C. Compared with Pt/H-USY which was a 
conventional hydrocracking catalyst, the catalytic performance of Ru/CeO2 was higher than that 
of Pt/H-USY in terms of catalytic activity, yield of liquid fuel, suppression of isomerization, and 
resistance to coke deposition. 
Chapter 5 demonstrates the formation mechanism of Ru/CeO2 catalyst during heating and 
reduction. TPR-XAFS clarified that heating in inert gas flow during the preparation of Ru catalysts 
suppressed the formation of highly crystalline RuO2 in contrast to the case of calcination in air. 
Dispersion of Ru particles was determined before reduction and the selection of support was also 
important for preparation of highly dispersed Ru particles. 
Chapter 6 summarized all results of this thesis. 
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Table 1-1. Global demand for oil products in 2017 [1] 






Residual fuel 7.1 













R/P ratio a 
North America 1112.5 35.4 1027.1 28.7 
South and Central America 315.3 51.1 335.1 136.2 
Europe 742.0 1.9 162.9 11.1 
Commonwealth of Independent States (CIS) 193.5 19.6 709.1 27.4 
Middle East 412.1 113.2 1489.7 72.1 
Africa 191.3 16.6 388.7 41.9 
Asia Pacific 1695.4 6.3 361.6 17.1 
Total 4662.1 244.1 4474.3 50.0 
a Reserves-to-production ratio. If the reserves remaining at the end of any year are divided by the 
production in that year, the result is the length of time that those remaining reserves would last if 




Table 1-3. Domestic supply of primary energy in 2018 [14] 
 Amount of energy [PJ] Share of total supply 
Fossil fuels 16850  85.5 
Petroleum 7413  37.6 
Coal 4946  25.1 
Natural gas 4491 22.8 
Non fossil fuels 2859 14.5 





Table 1-4. Gasoline composition per hydrocarbon group and by carbon number. [15] 
Sample A 
Identification C5 C6 C7 C8 C9 C10 C11+ Total 
Paraffins 6.7 1.3 0.4 2.5 - - 0.06 10.1 
Isoparaffins 10.8 5.6 1.8 17.0 1.3 - 0.2 36.7 
Aromatics - 0.3 36.7 0.3 0.3 0.6 0.3 38.5 
Naphthenes 0.4 1.6 1.1 1.2 1.2 - - 4.3 
Olefins 6.7 1.6 0.5 0.1 0.1 - - 9.1 
Others 0.3 0.1 0.05 - - - 0.3 0.8 
 
Sample B 
Identification C5 C6 C7 C8 C9 C10 C11+ Total 
Paraffins 9.3 1.3 0.5 2.6 - - 0.03 13.7 
Isoparaffins 13.6 5.0 2.3 23.7 1.1 0.3 0.1 46.1 
Aromatics - 0.2 26.1 0.2 0.2 0.1 0.1 26.9 
Naphthenes 0.6 1.4 1.1 1.8 - - - 4.9 
Olefins 4.9 1.2 0.5 0.1 0.5 - - 7.2 
Others 0.2 0.1 0.4 - - 0.06 0.2 1.0 









Olefins Ethylene 6,156,519 
 Propylene 5,170,305 
 Butadiene 858,406 
 Total 12,185,230 
Aromatic compounds Benzene 4,012,491 
 Toluene 2,069,216 
 Xylene 6,771,322 
 Total 12,853,029 
Synthetic resins LDPE 1,442,651 
 EVA 166,931 
 HDPE 857,038 
 PP 2,357,807 
 PS 1,236,915 
 Petroleum resin 108,109 
 Total 6,169,451 
Raw materials for synthetic resins Ethylene oxide 905,526 
 Ethylene glycol 641,890 
 Acrylonitrile 476,765 
 Total 2,024,181 
Synthetic rubbers Styrene-butadiene rubber 579,324 
 Butadiene rubber 306,900 
 Acrylonitrile-butadiene rubber 113,246 
 Polychloroprene 126,114 




 Other rubbers 212,877 
 Total 1,569,496 
Other chemicals 1,2-Dichloroethane 3,110,042 
 Styrene 2,007,463 
 Acetaldehyde 88,519 
 Isopropanol 203,499 
 Butanol 416,918 
 Octanol 198,449 
 Acetone 418,967 
 2-Butanone 223,882 
 Methyl isobutyl ketone 56,487 
 Propylene oxide 373,917 
 Polypropylene glycol 283,424 
 Acrylic ester 258,725 
 Phenol 587,446 
 Bisphenol A 441,779 
 Total 8,669,517 






Regioselective hydrogenolysis of alga-derived squalane over  
Ru-VOx/SiO2 catalyst.* 
* Reproduced from Ref. “Yosuke Nakaji, Yoshinao Nakagawa, Masazumi Tamura, Keiichi Tomishige, 
Fuel Process. Technol. 176 (2018) 249-257.” with permission from Elsevier. 
 
2.1. Introduction 
As shown in section 1.2.1, algal biomass is expected to substitute the petroleum resources due 
to the production of similar components to petroleum. In the regioselective hydrogenolysis of 
squalane, Ru/CeO2 showed the higher regioselectivity than that of Ru/SiO2. In the case of Ru/SiO2, 
the selectivities to C14-C16 and C9-10 was lower than 32% in contrast to the case of Ru/CeO2 that 
achieved those over 40%. [1] The high selectivity of Ru/CeO2 catalyst can be due to the small Ru 
particle size and/or the electronic effect by CeO2 support. While controlling the particle size and 
choosing appropriate support are frequently effective in improving the performance of noble metal 
catalysts, addition of 2nd metal can also improve the performance [2-4]. Typically, the added 2nd 
metal makes direct bond with the surface of noble metal particles, affecting the catalytic behavior 
by changing the ensemble size, changing the electronic state of the noble metal, or providing the 
added metal species as activating site of substrate. Ru-V catalysts have been already reported for 
n-alkane hydrogenolysis in gas-phase reactions as catalysts with relatively good selectivity in 
dissociation of internal bonds [5-9]: Ru-V catalyst cleaves the Csecondary-Csecondary bond of n-butane 
to ethane or methane, the latter of which is the over-hydrogenolysis product. However, the 
reactivity patterns between Ctertiary-Csecondary and Ctertiary-Cprimary bonds which are present in 
squalane and hydrogenated botryococcene have not been investigated. In this work, the effect of 
2nd metal on Ru catalysts in hydrogenolysis of squalane was investigated. Addition of V gave 
increase of the selectivity to products by Csecondary-Csecondary bond dissociation and decrease of the 
selectivity to methane. 






Ru/support catalysts (Ru: 5 wt%) were prepared by impregnating various supports with 
Ru(NO)(NO3)3-x(OH)x in diluted nitric acid (Sigma Aldrich, Ru: 1.5 wt%). Used supports were as 
follows: SiO2 (Fuji Silysia Chemical Ltd., G-6), CeO2 (Daiichi Kigenso Kagaku Kogyo Co., Ltd., 
HS), Al2O3 (Nippon Aerosil Co., Ltd., AEROXIDE Alu C), MgO (Ube Industries Ltd., 500A), 
TiO2 (Nippon Aerosil Co., Ltd., AEROXIDE P25), and ZrO2 (Daiichi Kigenso Kagaku Kogyo Co., 
Ltd., RC-100P). Ru-MOx/support (Ru: 5 wt%; M=V, Re, Mn, Mo, Ni, W) catalysts were prepared 
by co-impregnation method with Ru(NO)(NO3)3-x(OH)x in diluted nitric acid and various metal 
precursor. Used metal precursors were as follows: NH4VO3 (Wako Pure Chemicals Industries, 
Ltd.), NH4ReO4 (Mitsuwa Chemicals Co., Ltd.), Mn(NO3)2･6H2O (Soekawa Chemical Co., Ltd.), 
(NH4)6Mo7O24･4H2O (Wako Pure Chemicals Industries, Ltd.), Ni(NO3)2･6H2O (Wako Pure 
Chemicals Industries, Ltd.), and (NH4)6H2W12O40･H2O (Wako Pure Chemicals Industries, Ltd.). 
After evaporating the solvent, all the prepared catalysts were dried at 383 K for 12 h, and heated 
in the N2 flow at 573 K for 1 h as pretreatment. 
 
Activity tests 
Activity tests were performed in a 190 ml stainless steel autoclave with copper gasket. The 
pretreated catalyst was put into a reactor with squalane (Wako Pure Chemicals Industries, Ltd., > 
95%) or n-hexadecane (Wako Pure Chemicals Industries, Ltd., > 97%) and a glass-coated magnetic 
spinner together. After sealing, the reactor was purged with hydrogen three times and filled with 
3.5 MPa hydrogen. Then, the reactor was heated to 513 K. The heating took about 1 h, and the 
pressure became 6 MPa. Temperature was monitored using a thermocouple inserted in the reactor. 
Stirring rate was fixed at 450 rpm. After an appropriate time, the reactor was quickly cooled down 
to room temperature in water bath. Gas and liquid phases of the reaction mixture were transferred 




Chemicals Industries, Ltd., > 97%) was used as washing solvent in the collection of the liquid 
phase. The products were analyzed with GC (Shimadzu GC-2014) equipped with flame ionization 
detector (FID). The Rtx®-1 PONA column (Restek) was used for separation. To the gas phase 
collected to the gas bag, 80 L of dichloromethane (Wako Pure Chemicals Industries, Ltd., > 
99.5%) was added as internal standard. 200 L of gas sample was injected into GC. To the liquid 
phase, 50 mg of n-octacosane (Sigma Aldrich, > 99%) was added as internal standard, or 20 mg 
of n-octadecane (Wako Pure Chemicals Industries, Ltd., > 97%) was added as internal standard 
when n-hexadecane was the substrate. 1.0 L of liquid sample was injected into GC. Assignments 
of products were the same as those in previous work in our laboratory [1]. The conversion, 
selectivity, carbon balance, and TOF of products were calculated with the formulas shown below. 
The carbon balance was also confirmed in each result, and the difference in the carbon balance 
was always in the range of the experimental error (±10%). 
Conversion (%)= (
∑ Amount of products [mol-C]
Amount of unreacted substrate [mol-C] + ∑ Amount of products [mol-C]
) ×100  
Selectivity (%)= (
Amount of each product [mol-C]
∑ Amount of products [mol-C] 
) ×100  
Carbon balance (%)= (
Amount of unreacted substrate [mol-C]+∑ Amount of products [mol-C]
Amount of substrate input [mol-C]
) ×100  
TOF (h
-1
) =  (
Amount of substrate input [mol] × Conversion vs time slope determined by initial two points [% h⁄ ]




The method of reuse experiment of Ru-VOx/SiO2 (V=0.25) for hydrogenolysis of squalane is as 
follows. First, normal activity test with fresh catalyst was conducted. After collection of all the 
reaction mixture using mesitylene as washing solvent, the used catalyst was recovered by 
centrifugation. Four procedures were applied before next use: (a) washed with n-hexane and dried 
in air; (b) directly used in the next run without exposure to air by using glove bag; (c) washed with 
n-hexane, dried in air, and heated in N2 flow at 573 K for 1 h; (d) washed with n-hexane, dried in 
air, and calcined in air at 573 K for 1 h. For the cases (a), (c), and (d), the next run was conducted 
in the same scale, where small amount of fresh catalyst (about 10%) was added to compensate the 
loss in the recovery process. 





The amount of carbonaceous species was measured by thermogravimetry-differential thermal 
analysis (Rigaku Thermo Plus EVO-II; under air) as the exothermic weight loss around 550 K. 
Temperature programmed reduction with H2 (H2-TPR) was carried out in a fixed-bed reactor 
equipped with a thermal conductivity detector (TCD) and frozen acetone trap using 5% H2/Ar (30 
ml/min). X-ray diffraction (XRD) patterns were recorded by a diffractometer (Rigaku UltimaIV) 
with Cu K ( = 0.154 nm, 45 kV, 40 mA) radiation. X-ray Absorption Spectroscopy (XAS) was 
conducted at the BL01B1 station at SPring-8 with the approval of the Japan Synchrotron Radiation 
Research Institute, Proposal No.2017A1106. The catalysts was reduced in H2 flow at 573 K for 1 
h before the measurement. After reduction, the catalyst powder was transferred to the measurement 
cell in a glove bag filled with N2. The data were collected in a transmission mode. The edge jumps 
were from 0.2 to 0.3. The detailed analysis method of XAS is described in Supplementary Data. 
The amount of H2 chemisorption was measured in a high-vacuum system. Before adsorption 
measurements, the catalysts were reduced in H2 at 573 K for 1 h. The adsorption was conducted 
at room temperature and the final H2 pressure was about 1.1 kPa. 
 
2.3. Results and Discussion 
Conversion of squalane over Ru catalysts 
The activity tests of Ru/SiO2 catalysts modified with various 2nd metals for hydrogenolysis of 
squalane was conducted (Table 2-1), where the conversion was adjusted to similar level by 
changing the reaction time for the comparison of selectivity. Addition of Re increased the activity; 
however, the selectivity to methane was increased and that to C14-C16 was decreased. Addition 
of other group 5-7 metals or Ni had little effect on the selectivity. Nevertheless, addition of V 
slightly decreased methane selectivity (2.7% → 2.2%) and increased C14-C16 selectivity (28.9% 
→ 35.2%), although the activity was significantly decreased. Next, the effect of supports for Ru 




investigated (Table 2-2). The largest increase in C14-C16 selectivity by addition of V was observed 
on SiO2 support. On TiO2 and ZrO2 the selectivity to methane was also decreased by addition of 
V, similarity to the case of SiO2 support; however, the selectivity to C14-C16 was almost 
unchanged. On Al2O3 and MgO, the effect of V in selectivity was very small. In the case of CeO2 
support where the highest regioselectivity was observed for monometallic Ru catalysts, the 
addition of V rather decreased the regioselectivity, indicating that the addition of V spoiled the 
support effect of CeO2. In terms of activity, the largest decrease of activity by the addition of V 
was observed on SiO2 support. All the above results demonstrate that the both the positive and 
negative modification effects of V most appear on SiO2 support. Larger modification effect over 
SiO2 support of 2nd metal on noble metal catalysts than other oxide supports has been reported for 
Rh and Ir catalysts for various reduction reactions [2,10]. The largest modification effect may be 
due to the weak interaction between SiO2 and supported metals, which is connected to the increase 
in the amount of 2nd metal (V) interacted with Ru. Ru-VOx/SiO2 catalysts were selected in the 
following studies. 
The effect of V amount in Ru-VOx/SiO2 catalysts on the performance is shown in Figure 2-1. The 
order of activity was Ru/SiO2 (V/Ru = 0) > Ru-VOx/SiO2 (V/Ru = 0.25) > Ru-VOx/SiO2 (V/Ru = 
0.5)  Ru-VOx/SiO2 (V/Ru = 1.0) from Figure 2-1(a). Compared to TOF over each Ru-VOx/SiO2 
catalyst determined in the initial conversion, TOF of each Ru-VOx/SiO2 catalysts (V/Ru = 0, 0.25, 
0.5, 1.0) are 13.1, 4.4, 1.4, 1.6 h-1, respectively. In view of selectivity, the order of methane 
selectivity was Ru/SiO2 (V/Ru = 0) > Ru-VOx/SiO2 (V/Ru = 1.0) > Ru-VOx/SiO2 (V/Ru = 0.25) 
> Ru-VOx/SiO2 (V/Ru = 0.5) (Figure 2-1(b)) and C14-C16 selectivity was Ru-VOx/SiO2 (V/Ru = 
0.5)  Ru-VOx/SiO2 (V/Ru = 0.25) > Ru/SiO2 (V/Ru = 0) > Ru-VOx/SiO2 (V/Ru = 1.0) (Figure 2-
1(c)). The methane selectivity was lower and the C14-C16 selectivity was higher over V/Ru = 0.25 
or 0.5 catalysts than those over Ru/SiO2 (V/Ru = 0) when compared at similar conversion level. 
The amount of carbonaceous species formed during the reaction was measured by TG-DTA 
(Figure 2-2). The amount of carbonaceous species at ~ 60% conversion was 0.004, 0.006, 0.012, 
and 0.015 g/gcatalyst over the catalysts with V/Ru = 0, 0.25, 0.5, and 1.0, respectively. The amounts 
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correspond to 0.06, 0.09, 0.17, and 0.20% selectivity to carbonaceous species, respectively, 
assuming that the carbonaceous species was pure carbon. It is concluded that the amount of 
carbonaceous species was small on all these catalysts. 
From the balance of activity, selectivity, and the amount of carbonaceous species, the best V/Ru 
ratio was decided as 0.25 in Ru-VOx/SiO2 catalyst for hydrogenolysis of squalane. 
 
Hydrogenolysis of n-hexadecane over Ru-VOx/SiO2 catalysts 
The effect of addition of V to Ru/SiO2 catalyst was also investigated in hydrogenolysis of n-
hexadecane. The results are shown in Figure 2-3, where the conversion was kept  10% to discuss 
the molar-based selectivity at the initial stage. Since the molar-based selectivity difference was 
small, four runs for each catalyst were carried out to increase the accuracy. Similar to the cases of 
Ru, Rh, and Ir catalysts in the literature, almost all the products were n-alkanes and the molar 
amounts of produced alkanes were in the following order as shown in Figure 2-3(a): C1  C15  
C2  C3  C4  C5  C6  C7  C8  C9  C10  C11  C12  C13  C14 [57,72,73]. The similar 
production amounts of C2-C14 in mol mean that all the Csecondary-Csecondary bonds have similar 
reactivity: for example, when C-C bonds of 2-3 and 3-4 positions in n-hexadecane have the same 
reactivity, the molar yields of ethane (C2), tetradecane (C14), propane (C3), and tridecane (C13) 
will be the same. The larger production amount of C15 than C2-C14 means that Csecondary-Cprimary 
bonds are more reactive than the Csecondary-Csecondary bonds, because C15 was produced only by 
dissociation of terminal C-C bonds (Csecondary-Cprimary) and C2-C14 were produced by dissociation 
of internal C-C bonds (Csecondary-Csecondary). This tendency gives larger methane formation which is 
caused with C15 formation and this is an undesirable reaction. Figure 2-3(b) shows the difference 
in product distribution between C15 and average of C2-C14 over various Ru-VOx/SiO2 catalysts. 
As noted earlier, production of C15 showed the reactivity of Csecondary-Cprimary (undesirable) and 
production of C2-C14 showed the reactivity of Csecondary-Csecondary (desirable), and so smaller value 
of C15 - average(C2~C14) was more preferable. This value was decreased until V/Ru = 0.5, and 




Csecondary-Cprimary dissociation co-produced with C15 and fragmentation. The degree of 
fragmentation can be estimated by the difference of C1 (produced by Csecondary-Cprimary dissociation 
or fragmentation) and C15 (only produced by Csecondary-Cprimary dissociation), and its trend on V/Ru 
ratio is shown in Figure 2-3(c). The fragmentation degree was similar for catalysts with V/Ru = 0, 
0.25, and 0.5. In the case of V/Ru = 1.0, the fragmentation proceeded more significantly than other 
catalysts. These data show that addition of V does not suppress fragmentation. Therefore, addition 
of appropriate amount of V improves regioselectivity by decreasing the formation of methane via 
terminal bonds, while the formation via fragmentation is not suppressed. 
 
Catalyst stability 
The reuse experiments were conducted to evaluate the stability of the Ru-VOx/SiO2 (V/Ru=0.25) 
(Figure 2-4). First, the recovered catalyst without regeneration was used, but the activity became 
lower and lower by reuses (Figure 2-4(a)). Next, the recovered catalyst was reused without 
exposure to air, in order to check the effect of oxidation during the recovery process (Figure 2-
4(b)). The activity was decreased similarly to the case of air-contacted sample (Figure 2-4(a)). 
Therefore, the cause of deactivation was not the oxidation of catalyst. Next, heating in N2 flow at 
573 K was tested as regeneration in order to remove poisonous molecules, but the activity was 
even more decreased (Figure 2-4(c)). As shown in the previous section, some amount of 
carbonaceous species was produced in hydrogenolysis of squalane, and the carbonaceous species 
may be responsible to the deactivation. The amount of carbonaceous species seemed low (e.g. 
0.012 g/gcatalyst in Ru-VOx/SiO2 (V/Ru = 0.25)), but it was enough to cover Ru surface: 0.012 
g/gcatalyst corresponds to about 5 times of the number of surface Ru atoms in Ru-VOx/SiO2 (V/Ru 
= 0.25), which is estimated from H2 chemisorption (characterization is described below). Then, 
calcination in air at 573 K was tested as regeneration (Figure 2-4(d)). In this case, the catalyst 
showed comparable activity to the fresh catalyst, however, methane selectivity was increased and 
C14-C16 selectivity was decreased. Based on these data, the deactivation of Ru-VOx/SiO2 was 
probably due to the carbonaceous species deposited on the catalyst. This is in contrast to the case 
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of Ru/CeO2 where the catalyst can be reused by simple filtration and drying [1,14]. At present, it 
is difficult to retain the selectivity of Ru-VOx/SiO2 catalyst without loss of activity during reuses.  
 
Characterization 
To determine the valences of Ru and V species during the reaction, H2-TPR of Ru-VOx/SiO2 was 
carried out. The profiles and consumption amounts are shown in Figure 2-5 and Table 2-3, 
respectively. The Ru species in the catalysts before reduction were Ru3+ (the same valence as the 
precursor) or RuO2, the latter of which was indeed detected by XRD (Figure 2-6). The formation 
of RuO2 during heating under N2 can be due to the oxidation of Ru
3+ by nitrate ion. For Ru/SiO2 
and all Ru-VOx/SiO2 catalysts, the reduction was almost completed at 513 K (standard reaction 
temperature) during H2-TPR. Considering the lower H2 pressure in H2-TPR than that in catalytic 
reaction, the catalyst was likely to be totally reduced during heating for catalytic reaction. For 
Ru/SiO2 (Ru: 5.0  10
-4 mol/g), the H2 consumption amount was 1.1  10
-3 mol/g, which is 
comparable to the amount to reduce RuO2 to the metallic state in the catalyst. The valence change 
of V was calculated assuming that Ru4+ was first reduced to Ru0. When V/Ru ratio was 0.25 and 
0.5, V oxide was reduced from +V to +III, and when V/Ru ratio was 1.0, V oxide was reduced to 
mixed valence of +III and +IV. However, Bond et al. concluded in their report that Ru was perfectly 
reduced and V valence after reduction was +III by H2-TPR analysis of Ru-VOx/SiO2 (V/Ru = 2.32) 
calcined in air [7]. Developed Ru-VOx/SiO2 catalysts were prepared by heating in N2 flow after 
impregnation, and the difference in preparation method may affect the state of V species. 
The XRD patterns of reduced catalysts at 513 K are shown in Figure 2-7. Broad signals of hcp 
Ru metal were observed. By Sherrer’s equation and the (011) peak at 43.8, the Ru particle size 
was about 4 nm regardless of V/Ru ratio from 0 to 1.0. XRD peaks for V species were not observed.  
The formation of Ru metal nanoparticles and the change during reuses was confirmed by Ru K-
edge XAS analysis. XANES and EXAFS patterns are shown in Figures 2-8 and 2-9, respectively, 
and the curve fitting results are summarized in Table 2-4. All reduced and used catalysts (Entries 




reduced to the metallic state. From EXAFS analysis, the coordination number of Ru-Ru bond 
(CNRu-Ru) was almost the same for Ru/SiO2 and all Ru-VOx/SiO2 after reduction (7.6-8.2), and the 
value agreed with the formation of ~4 nm nanoparticles as demonstrated by XRD. The CNRu-Ru of 
used Ru-VOx/SiO2 was larger than that of fresh reduced one when contacted with air during the 
recovery process, especially when the recovered catalyst was calcined before next use. On the 
other hand, the CNRu-Ru of used Ru-VOx/SiO2 which was collected in glove bag was similar to that 
of fresh one. These data indicate that reaction of Ru particles with air causes the aggregation of 
Ru metal especially when calcined at high temperature. The increase of Ru particle size by 
calcination during reuses was also observed by XRD (Figure 2-10).  
As shown in Figure 2-4(d), the catalyst calcined after recovery showed comparable activity to 
the fresh one, although the regioselectivity was decreased. The increase of Ru particle size during 
the calcination means that the activity per Ru surface site was increased. Considering that V 
modification decreased the activity, the calcination after recovery rather breaks the modification 
of Ru with V, decreasing the regioselectivity and increasing the activity of surface site. 
The amount of H2 chemisorption was measured to count the number of active surface metal atoms 
(Table 2-5). In the literature, many noble metal catalysts modified with reducible metal oxide have 
smaller amount of H2 or CO chemisorption than the value expected from the particle size [15]. 
The decrease is due to the coverage of noble metal particles with reducible metal oxide. In this 
case, while the H2 chemisorption on Ru/SiO2 well accorded with the Ru particle size (dispersion 
(H/Ru = 0.19)), the H2 chemisorption amount was decreased with increase of V amount. In Ru-
VOx/SiO2 (V/Ru = 0.25), about half of surface Ru was calculated to be covered by V species, and 
in V/Ru = 1.0 catalyst the coverage became 90%. Assuming that one V atom blocks one active 
site, about half of V atoms in Ru-VOx/SiO2 (V/Ru = 0.25) can cover the surface of Ru particles. 
In the catalysts with V/Ru = 0.5 and 1.0, the ratio of blocking V atoms to total V atoms became 
0.31 and 0.17, respectively. 
In the previous report, the regioselective hydrogenolysis of squalane by the high dispersion of Ru 
metal was implied [1]. Ru/CeO2 catalyst with lower CNRu-Ru (4.7) showed higher regioselectivity 
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while Ru/CeO2 catalyst with the same support and higher CNRu-Ru (10.0) showed lower 
regioselectivity [1]. The difference of regioselectivity can be related to the ensemble size of Ru 
metal surface [13]. Addition of V atoms blocked the surface of Ru particles and might reduce the 
ensemble size of Ru metal surface. The reduced size of Ru ensemble may be related to the decrease 
of Ctertiary-C bond dissociations, leading to good regioselectivity. 
 
2.4. Conclusions 
Addition of V to Ru/SiO2 catalyst prepared by co-impregnation and heating under N2 improve 
the regioselectivity in hydrogenolysis of squalane, although the activity is decreased. Ru-VOx/SiO2 
(V/Ru = 0.25) gives lower methane selectivity and higher C14-C16 selectivity than Ru/SiO2. The 
decrease of methane formation is mainly due to the suppression of terminal C-C bond dissociations, 
while the fragmentation is not so affected. Ru is totally reduced to ~ 4 nm metal particles in situ 
and V valence becomes +III ~ +IV. Much amount of V species are located on the surface of Ru 
particles, blocking the surface active sites. The blocking changes the selectivity patterns probably 
via reducing the ensemble size of Ru metal; however, it decreases the activity. Addition of V 
increases the carbonaceous species formation, and the produced carbonaceous species lowers the 
activity of catalyst during reuses. 
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Selectivity[%-C] C.B. b 
[%-C] C1 C2,C3 C4,C5 C6-C8 C9,C10 C11-C13 C14-C16 C17-C19 ≥C20 
none 4 50.9 2.7 0.8 2.3 3.7 7.3 7.3 28.9 7.2 39.8 98.1 
Re 1 51.5 5.1 1.3 3.3 5.2 8.6 7.9 24.8 6.6 37.3 101.0 
Mn 4 60.1 2.2 0.7 2.6 4.1 8.6 7.8 30.6 7.2 36.0 98.8 
Mo 9 56.2 2.1 0.7 2.3 4.5 7.7 8.2 27.7 7.5 39.1 106.7 
Ni 9 41.7 2.0 0.6 2.5 3.0 7.7 5.4 33.1 5.0 40.7 97.3 
W 15 63.0 2.8 0.5 2.5 5.1 8.4 8.7 29.3 7.4 35.4 103.6 
V 15 50.2 2.2 0.6 2.4 3.2 7.8 5.8 35.2 5.2 37.5 104.7 
a Conv. = Conversion, b C.B. = Carbon balance. Conditions: Ru-M/SiO2 (Ru: 5 wt%, M/Ru= 0 or 0.25), 300 mg; squalane, 4.23 g (10 mmol); H2, 6 MPa; 










Selectivity [%-C] C.B. b 
[%-C] C1 C2,C3 C4,C5 C6-C8 C9,C10 C11-C13 C14-C16 C17-C19 ≥C20 
Ru/SiO2 24 71.2 3.3 1.0 3.0 4.7 9.0 8.0 31.2 6.4 33.4 91.3 
Ru-VOx/SiO2 96 72.7 2.8 0.9 3.0 4.8 10.2 7.9 37.3 5.1 28.1 99.8 
Ru/CeO2 36 74.8 1.4 0.7 4.2 3.2 11.3 5.9 36.5 4.2 32.8 92.5 
Ru-VOx/CeO2 24 81.4 2.2 1.1 4.0 4.2 11.3 7.8 34.8 5.4 29.3 92.2 
Ru/Al2O3 12 77.8 3.9 1.9 2.7 5.7 7.0 11.3 22.2 10.4 35.0 93.8 
Ru-VOx/Al2O3 12 76.9 3.7 1.9 2.7 6.3 7.2 11.8 21.4 10.6 34.3 95.3 
Ru/MgO 18 78.7 4.7 2.0 2.7 5.7 6.9 11.7 21.5 10.2 34.6 100.7 
Ru-VOx/MgO 36 82.4 4.5 1.9 3.0 6.9 8.2 12.4 22.6 9.6 30.9 98.8 
Ru/TiO2 12 92.5 5.0 2.0 3.5 7.1 10.1 13.2 27.4 8.8 22.9 95.2 
Ru-VOx/TiO2 12 91.0 4.2 1.6 3.3 7.0 10.7 12.5 28.8 8.2 23.6 100.9 
Ru/ZrO2 12 86.6 3.0 1.4 3.6 6.7 10.8 11.8 27.8 8.5 26.5 103.2 
Ru-VOx/ZrO2 18 83.0 2.5 1.2 3.1 5.4 9.9 10.6 29.3 8.4 29.5 100.0 
a Conv. = Conversion, b C.B. = Carbon balance. Conditions: catalyst (Ru: 5 wt%, V/Ru = 0 or 0.25), 100 mg; squalane, 4.23 g (10 mmol); H2, 6 MPa; 
513 K; 12-96 h.  
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Table 2-3. Detailed data of Figure 2-5 
Entry Catalyst 
Ru loading amount 
[ 10-4 mol/g] 
V loading amount 
[ 10-4 mol/g] 
H2 consumption
 a 
[ 10-3 mol/g] 
Reduction degree 
Ru b V c 
1 VOx/SiO2 - 1.24 0.25 - 1.01 
2 Ru-VOx/SiO2(V/Ru=1.0) 4.95 4.95 1.63 1.65 0.65 
3 Ru-VOx/SiO2(V/Ru=0.5) 4.95 2.47 1.48 1.49 0.98 
4 Ru-VOx/SiO2(V/Ru=0.25) 4.95 1.24 1.25 1.27 1.06 
5 Ru/SiO2 4.95 - 1.08 1.09 - 
Assumed reactions: RuO2 + 2H2 → Ru + 2H2O, V2O5 + 2H2 → V2O3 + 2H2O 
a H2 consumption is calculated in the range from 650 to 1000 K (Entry 1) and 320 to 550 K (Entry 2-5). 
b Reduction degree of Ru = H2 consumption / (Ru loading amount × 2) 




Table 2-4. Curve fitting results of Ru K-edge EXAFS and average particle size of various Ru catalysts  













Ru particle size (XRD) 
[nm] 
a Ru-Ru 12 2.68 0.00 0.06 - - 
b Ru-O 6 1.97 0.00 0.06 - - 
c Ru-Ru 7.6(±0.6) 2.63(±0.01) -1.9(±2.5) 0.086(±0.002) 0.73 4.8 
d Ru-Ru 8.0(±0.5) 2.63(±0.01) -1.8(±2.5) 0.081(±0.002) 0.48 4.4 
e Ru-Ru 8.2(±0.7) 2.61(±0.01) 0.1(±2.5) 0.088(±0.003) 0.77 4.8 
f Ru-Ru 8.2(±0.5) 2.61(±0.01) -1.9(±1.5) 0.086(±0.002) 0.32 4.9 
g Ru-Ru 9.7(±0.5) 2.62(±0.01) -0.6(±2.0) 0.083(±0.001) 0.21 6.7 
h Ru-Ru 7.5(±0.6) 2.62(±0.01) -1.9(±2.5) 0.084(±0.002) 0.62 4.7 
i Ru-Ru 9.5(±0.5) 2.62(±0.01) 0.1(±1.5) 0.083(±0.001) 0.25 6.1 
j Ru-Ru 10.3(±0.5) 2.63(±0.01) -0.5(±1.5) 0.073(±0.001) 0.20 13.8 
Fourier filtering range 0.1688-0.2884 nm. a Corresponding to Figures 2-8 and 2-9. b Coordination number; c Bond distance; d Difference in the origin of 
photoelectron energy between the reference and the sample; e Debye-Waller factor; f Residual factor.  
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Table 2-5. Summary of H2 chemisorption on Ru-VOx/SiO2 (Ru: 5.010
-4 mol/g) 
V/Ru 
Amount of H2 chemisorption Dispersion 
a V surface coverage b VRu surface/Vtotal
 c 
[ 10-6 mol/g] [-] [%] [-] 
0 (Ru/SiO2) 46.6 0.19 0 - 
0.25 21.0 0.08 54 0.40 
0.5 6.9 0.03 85 0.31 
1.0 4.5 0.02 90 0.17 
a Dispersion = 2  (Amount of H2 chemisorption) / (Ru amount in catalyst) 
b V surface coverage = {(Amount of H2 chemisorption on Ru/SiO2)  2 – (Amount of H2 chemisorption on Ru-VOx/SiO2)  2} / {(Amount of H2 
chemisorption on Ru/SiO2)  2}  100 [%] 
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Figure 2-1. Results of hydrogenolysis of squalane over Ru-VOx/SiO2 catalysts with various V 
amounts. (a) Squalane conversion vs reaction time, (b) Relation between methane selectivity and 
squalane conversion, (c) Relation between C14-C16 selectivity and squalane conversion. 













































































































Figure 2-2. TG-DTA profiles of Ru-VOx/SiO2 catalysts after hydrogenolysis of squalane. (a) V/Ru 
= 0 (4 h) (b) V/Ru = 0.25 (15 h) (c) V/Ru = 0.5 (24 h) (d) V/Ru = 1.0 (24 h). Sample amount for 
TG 10 mg; under air. Conditions: Ru-VOx/SiO2, 300 mg; squalane, 4.23 g; V/Ru = 0-1.0; H2, 6 
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Figure 2-3. Hydrogenolysis of n-hexadecane over Ru-VOx/SiO2 (V/Ru = 0-1.0). Average of four 
runs for each catalyst. (a) Conversion and molar-based product distribution, (b) [C15 - (average of 
(C2~C14))], (c) [C1 - C15]. Conditions: catalyst, 20 mg; n-hexadecane, 2.26 g (10 mmol); H2, 6 












































































































































V/Ru=0 (Conv. = 6.5%)
V/Ru=0.25 (Conv. = 5.8%)
V/Ru=0.5 (Conv. = 3.9%)




Figure 2-4. Reuse of Ru-VOx/SiO2 (Ru: 5 wt%, V/Ru = 0.25) in hydrogenolysis of squalane. 
Catalysts were (a) washed with n-hexane and dried in air at 383 K, (b) reused without exposure to 
air, (c) dried in air at 383 K and heated in N2 flow at 573 K, (d) calcined in air at 573 K. Except 
(b), the loss of catalyst (~10 wt%) during the recovery process was compensated with fresh one. 
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Figure 2-5. H2-TPR profiles of as-prepared catalysts. Conditions: sample, 50 mg; 5% H2/Ar; 30 
ml/min; 10 K/min. Consumption amounts of hydrogen are shown in Table 2-3.




















Figure 2-6. XRD patterns of catalysts without pretreatment.  


















Regioselective hydrogenolysis of alga-derived squalane over Ru-VOx/SiO2 catalyst 
43 
 






















Figure 2-8. Ru K-edge of XANES spectra of various Ru catalysts and reference compounds. (a) 
Ru powder, (b) RuO2, (c) Ru/SiO2 after reduction, (d) Ru-VOx/SiO2 (V/Ru = 0.25) after reduction, 
(e) Ru-VOx/SiO2 (V/Ru = 0.5) after reduction, (f) Ru-VOx/SiO2 (V/Ru = 1.0) after reduction, (g) 
Ru-VOx/SiO2 (V/Ru = 0.25) after 5 time use (washed with n-hexane and dried in air at 383 K), (h) 
Ru-VOx/SiO2 (V/Ru = 0.25) after 3 time use (reused without exposure to air), (i) Ru-VOx/SiO2 
(V/Ru = 0.25) after 5 time use (dried in air at 383 K and heated in N2 flow at 573 K), (j) Ru-
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Figure 2-9. Results of Ru K-edge EXAFS analysis of various Ru catalysts. (i) k3-Weighted EXAFS 
oscillation. (ii) Fourier transform of k3-weighted Ru K-edge EXAFS, (iii) Fourier filtered EXAFS 
data (solid line) and calculated data (dotted line); Table 2-4. (a) Ru powder, (b) RuO2, (c) Ru/SiO2 
after reduction, (d) Ru-VOx/SiO2 (V/Ru = 0.25) after reduction, (e) Ru-VOx/SiO2 (V/Ru = 0.5) 
after reduction, (f) Ru-VOx/SiO2 (V/Ru = 1.0) after reduction, (g) Ru-VOx/SiO2 (V/Ru = 0.25) 
after 5 time use (washed with n-hexane and dried in air at 383 K), (h) Ru-VOx/SiO2 (V/Ru = 0.25) 
after 3 time use (reused without exposure to air), (i) Ru-VOx/SiO2 (V/Ru = 0.25) after 5 time use 
(dried in air at 383 K and heated in N2 flow at 573 K), (j) Ru-VOx/SiO2 (V/Ru = 0.25) after 5 time 





































































Figure 2-10. XRD patterns of the catalysts after reuse tests. 












Washed with n-hexane and dried in air
Reused without exposure to air
Calcined in air






Production of gasoline fuel from alga-derived botryococcene by 
hydrogenolysis over Ru/CeO2 catalyst.* 
* Reproduced from Ref. “Yosuke Nakaji, Shin-ichi Oya, Hideo Watanabe, Makoto M. Watanabe, 
Yoshinao Nakagawa, Masazumi Tamura, Keiichi Tomishige,. ChemCatChem 9 (2017) 2701-2708.” with 
permission from Wiley Online Library. 
 
3.1. Introduction 
As shown in section 2, Ru/CeO2 showed the regioselectivity for internal C-C bonds dissociation 
in hydrogenolysis of squalane. Botryococcene is also attractive resources as same as squalane 
denoted in section 1.3.1.. Considering the more number of branches in botryococcene than 
squalene, gasoline is also an attractive target of botryococcene hydrogenolysis because multi-
branched hydrocarbons have high octane number and stability. However, reports on the production 
of gasoline from botryococcene are very limited even with conventional acid-based catalysts, and 
the reaction temperature is very high: gasoline range (C1-C11) hydrocarbons were obtained in a 
67 wt% yield with cobalt–molybdenum catalysts at the temperatures between 673 and 713 K [1]; 
aromatics-rich gasoline-range hydrocarbons (C5-b.p. 494 K) were produced with conventional 
FCC catalyst at 773 K [2]. After discovery of Ru/CeO2-catalyzed hydrogenolysis of squalane in 
our labratory, Zhang et al. applied Ru/CeO2 catalysts with different preparation procedure to 
production of bio-jet fuel from squalane and C30-C33 botryococcene [3] The purpose of this work 
is the production of gasoline-range branched hydrocarbons via C-C hydrogenolysis from 
botryococcene at relatively low temperature. Various Ru catalysts including Ru/CeO2 and Ru/SiO2, 
Ir/SiO2, and Pt/SiO2-Al2O3 was used at 513 K. Ru/CeO2 showed higher gasoline yield than other 
tested catalysts. A unique side reaction (cyclization) on botryococcene hydrogenolysis over 
monofunctional catalysts was found which does not occur in squalane and n-alkane hydrogenolysis 







Ru/support (Ru: 5 wt%) catalysts were prepared by impregnating various supports with 
Ru(NO)(NO3)3-x(OH)x in diluted nitric acid (Sigma Aldrich, Ru: 1.5 wt%)
 [4,5]. Used supports 
were as follows: SiO2 (Fuji Silysia, G-6), CeO2 (Daiichi Kigenso, HS), Al2O3 (Nippon Aerosil Co., 
Ltd., AEROXIDE Alu C), MgO (UBE, B-500), TiO2 (Nippon Aerosil Co., Ltd., AEROXIDE P25), 
and ZrO2 (Daiichi Kigenso, RC-100P). Ru/C (Ru: 5 wt%) was purchased from Wako Pure 
Chemical Industries. Ir/SiO2 (Ir: 5 wt%) catalyst was prepared by impregnating SiO2 with H2IrCl6 
aq (Furuya Metals Co., Ltd.). Pt/SiO2-Al2O3 (Pt: 1 wt%) catalyst was prepared by impregnating 
SiO2-Al2O3 (JGC Catalysts and Chemicals Co., Ltd., JRC-SAL-2; Al2O3=13.75 wt%) with 
Pt(NH3)2(NO2)2 (Tanaka Kikinzoku Kogyo) dissolved in water. After evaporating the solvent, all 
prepared catalysts were dried at 383 K for 12 h, and Ru catalysts were pretreated in the N2 flow at 
573 K for 1 h. Ir/SiO2 was calcined at 773 K for 3 h after drying. Pt/SiO2-Al2O3 was calcined at 
773 K for 4 h after drying and reduced in the H2 flow at 673 K for 1 h. 
 
Preparation of botryococcene 
The BOT-22 strain [6,7] of Botryococcus braunii was cultured with Botryococcus seed culture 
system developed by University of Tsukuba (Algae Biomass and Energy System R&D Center and 
M. M. Watanabe laboratory) [53]. The oil fraction was extracted from air-dried B. braunii cells by 
soaking them into n-hexane, and then n-hexane was evaporated under reduced pressure. The crude 
oil was purified using a silica gel column chromatography with n-hexane eluent. The GC chart of 
purified hydrocarbon is shown in Figure 3-1(a), of which main component is botryococcene C34H58
 
[52,54]. The purified botryococcene was hydrogenated over Pd/C (Wako) for 24 h at 353 K with 
5.5 MPa hydrogen (at 353 K) in n-hexane solvent, and then n-hexane solvent was removed by a 
rotary evaporator to obtain fully hydrogenated botryococcene (Hy-Bot). The GC chart of Hy-Bot 
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is shown in Figure 3-1(b). 
 
Activity tests 
Activity tests were performed in a 190 ml stainless steel autoclave with a copper gasket. The 
pretreated catalyst was put into a reactor with Hy-Bot and a glass-coated magnetic spinner together. 
After sealing, the reactor was purged with hydrogen three times and filled with 3.5 MPa hydrogen. 
Then, the reactor was heated to 513 K. The heating took about 1 h, and the pressure became 6 MPa. 
Temperature was monitored using a thermocouple inserted in the reactor. Stirring rate was fixed 
at 600 rpm. After an appropriate time, the reactor was quickly cooled down to room temperature 
by water bath. Gas and liquid phases of the reaction mixture were transferred to a 10 L aluminum 
gas bag and a glass vial, respectively. Mesitylene (Wako, > 97 %, 20 mL) was used as washing 
solvent in the collection of the liquid phase. Very small amount of the liquid phase was separately 
collected and diluted with n-hexane before addition of mesitylene in order to analyze the products 
whose GC peak overlaps with that of mesitylene. The standard reaction conditions were as follows: 
50 mg supported metal catalyst, 0.6 g Hy-Bot, 513 K reaction temperature, 6 MPa hydrogen 
pressure at 513 K, and 2 h reaction time. The products were analyzed with GC (Shimadzu GC-
2014) equipped with flame ionization detector (FID). The Rtx®-1 PONA column (Restek) was 
used for separation. To the gas phase collected to the gas bag, 80 L of dichloromethane was added 
as internal standard. 200 L of gas sample was injected into GC. To the liquid phase, 40 mg of n-
hexacosane (Sigma Aldrich, >99 %) was added as internal standard. 1.0 L of liquid sample was 
injected into GC. The qualitative analysis of products was performed with GC-MS (Shimadzu 
ultra-2020) by EI and CI modes [4]. For reactions of other substrates, the substrate was 
commercially available and used as received. The conversion, selectivity, carbon balance, yield, 
and unquantifiable products were calculated with the formulas shown below. If carbon balance is 






Amount of substrate input [mol-C]  −  Amount of unreacted substrate [mol-C]




Amount of each product [mol-C]




Amount of unreacted substrate [mol-C] + ∑ Amount of products  [mol-C]
Amount of substrate input [mol-C]
) ×100 
Yield (%)=Conversion (-) × Selectivity (-) × 100 
Yield of Unquantifiable products(%)= (1-
∑ Amount of products  [mol-C]
Amount of substrate input [mol-C] - Amount of unreacted substrate [mol-C]
) × 100 
Selectivity of Unquantifiable products(%)= (
Yield of Unquantifiable products [%]
Conversion [%]
) × 100 
For the reactions of squalane and model substrates, conversion and selectivity were calculated by 
the following formulas because the loss of carbon balance was negligible. 
Conversion 
(%)= (
∑ Amount of products  [mol-C]
Amount of unreacted substrate [mol-C] + ∑ Amount of products  [mol-C]
) ×100 
Selectivity (%)= (
Amount of each product [mol-C]
∑ Amount of products  [mol-C] 
) ×100 





Procedure of reuse experiment of Ru/CeO2 or Pt/SiO2-Al2O3 for hydrogenolysis of Hy-Bot is as 
follows. First, normal activity test with each catalyst was conducted. After collection of all the 
reaction mixture using mesitylene as washing solvent, the used catalyst was recovered by 
centrifugation, washed with n-hexane, and dried in air. The next run was conducted in the same 




X-ray diffraction (XRD) patterns were recorded by a diffractometer (Rigaku UltimaIV). Cu K 
( 0.154 nm, 45 kV, 40 mA) radiation was used as an X-ray source. Thermogravimetry-
differential thermal analysis (TG-DTA) was carried out with a Rigaku Thermo Plus EVO-II under 
air atmosphere. Nuclear magnetic resonance (NMR) analysis was conducted with a BRUKER 
DPX-400 at room temperature. 
 
3.3. Results and Discussion 
Conversion of botryococcene 
Hydrogenolysis of hydrogenated botryococcene (Hy-Bot) was conducted with various catalysts 
such as Ru/CeO2. Figure 3-2 is a typical chromatogram of liquid products produced by 
hydrogenolysis of Hy-Bot over Ru/CeO2. The carbon number of each product was determined by 
GC-MS (CI mode) and it is also displayed in Figure 3-2. Products with wide carbon number range 
were detected, similarly to the cases of squalane hydrogenolysis over the same catalyst [4,5] and 
Botryococcus braunii liquid hydrogenolysis over similar Ru/CeO2 catalyst [3]. The number of 
peaks was larger than the case of squalane hydrogenolysis, because of the more complex structure 




that obtained from Pt-Re/SiO2-Al2O3 catalyst in the literature [10]. The pattern is also simpler than 
that of literature study of Botryococcus braunii liquid over Ru/CeO2
 [3]. The difference is probably 
due to the purity of substrate: almost pure single C34H70 compound was used (Figure 3-1(b)), while 
the literature study [3] used mixture of C30-C33 compounds. While the structure determination of 
heavy products is difficult, the structure of lighter products in the gasoline range can be determined. 
The main C6 and C7 products were 2,3-dimethylbutane (RON: 103.5) [11] and 2,3-
dimethylpentane (RON: 91.1) [11], respectively. Heavier main products would also have two or 
more branches. The multi-branched structure of gasoline-range products suggests the potential 
drop-in use for gasoline without further reforming. This is in contrast to the case of squalane 
hydrogenolysis where main C8 products are monobranched ones with lower RON. 
 Figure 3-3 shows the results of hydrogenolysis of Hy-Bot with various supported Ru catalysts, 
Ir/SiO2, and Pt/SiO2-Al2O3. Hydrogenolysis of squalane with the same Ru catalysts was also 
conducted and the results are shown in Figure 3-4 for comparison. Here, the products in the gas 
phase and the products whose GC signal overlaps with washing solvent were also analyzed and 
included. All the tested catalysts showed activity in hydrogenolysis of Hy-Bot as well as squalane. 
In comparison with hydrogenolysis of squalane, the effect of support on activity and selectivity of 
Ru-catalyzed hydrogenolysis was small for Hy-Bot: the activity difference of Ru catalysts between 
the highest (Ru/SiO2; Conv. = 73.3% for 1 h) and lowest (Ru/MgO; Conv. = 55.9% for 2 h) was 
about two-fold for Hy-Bot (Figure 3-3), while Ru/TiO2 showed about one order higher activity 
(Conv. = 52.7% for 2 h) than Ru/MgO (Conv. = 4.9% for 2 h) for squalane (Figure 3-4). Ru/CeO2 
showed very low selectivity to Ctertiary-C dissociation products such as gas (C1-C3) in 
hydrogenolysis of squalane, as reported in the previous paper in our laboratory, and the unique 
selectivity might be due to the high dispersion [4]; however the selectivity to gas was similar in 
hydrogenolysis of Hy-Bot among all the Ru catalysts. Another important point is the low carbon 
balance in hydrogenolysis of Hy-Bot over all catalysts, while in hydrogenolysis of squalane the 
carbon balance was kept near 100%. This point will be discussed later. Considering the unique 
selectivity of Ru/CeO2 in squalane hydrogenolysis and inert nature of SiO2 support, Ru/CeO2 and 
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Ru/SiO2 were selected as representatives of Ru catalysts in the following studies. 
Figure 3-5 shows the time course of hydrogenolysis of Hy-Bot over Ru/CeO2, Ru/SiO2, Ir/SiO2, 
and Pt/SiO2-Al2O3. The product molecules became smaller at longer reaction times over Ru 
catalysts and Ir/SiO2. The order of catalytic activity (conversion rate) was as follows: Ru/SiO2 > 
Ru/CeO2 >> Ir/SiO2. In the case of Pt/SiO2-Al2O3 (Figure 3-5(d)), after 12 h reaction time when 
Hy-Bot was almost converted, selectivity of all products did not increase or decrease, indicating 
that the reaction almost stopped. The carbon balance over Ru and Ir catalysts (Figure 3-5(a)-(c)) 
was increased at longer reaction time after the conversion reached 100%. In order to determine the 
cause of the loss of carbon balance, the sample was analyzed after reaction by several methods. 
First, 1H NMR of the liquid phase after the reaction over Ru/CeO2 was measured. No peak was 
detected in the range of >3 ppm, indicating that no olefinic or aromatic compounds were formed 
(Figure 3-6). TG analysis of the liquid phase of the reaction was conducted under inert atmosphere. 
The weight became zero at similar temperature at which the weight in TG of Hy-Bot became zero, 
indicating that there were no compounds with much larger molecular weight than Hy-Bot such as 
dimerization products. Further, TG-DTA analysis of recovered Ru/SiO2 catalyst was conducted 
under air. The amount of weight loss by combustion was 0.4 mg/9 mgcat, which corresponds to 
0.3%-C yield from Hy-Bot. This value is much lower than the loss of carbon balance. Considering 
that the yields and selectivities were calculated by sum of quantifiable products, formations of 
many kinds of paraffin isomers could be the cause of the loss of carbon balance. At longer reaction 
time, the product molecules became small and the number of product isomers was limited, which 
can cause the recovery of carbon balance. Figure 3-7 shows the chromatograms in C21-C23 range 
at 6 h and 30 h reaction times over Ru/CeO2. The chromatogram at 6 h reaction time had weak 
sway in addition to quantifiable peaks, and the sway disappear at 30 h. Some amount of products 
might be present in the baseline sway. On the other hand, types of gasoline-range compounds are 
limited and all of them would be separately quantified. Therefore, the loss of carbon balance would 
mainly affect the yield of heavier products and then gasoline yield was focused. 




balance, the jet and diesel yields may be considerably underestimated. Ru/CeO2 showed the highest 
gasoline yield of about 70%-C. This value is comparable or higher than the literature value of 
gasoline yield from botryococcene, even though the definition of “gasoline range” is different 
between reports; in this work “gasoline range” is C5-C12. In addition, the reaction temperature of 
this work is lower. The reason for the higher gasoline yield over Ru/CeO2 than over Ru/SiO2 may 
include that the lower activity of Ru/CeO2 than Ru/SiO2 in the excess hydrogenolysis of Ctertiary-C 
bonds which are abundant in Hy-Bot-derived products. Ir/SiO2 also gave good gasoline yield; 




 The reuse experiment was conducted to see the stability of the Ru/CeO2 (Figure 3-8). The catalyst 
can be used 5 times without loss of activity and selectivity, similarly to the case of squalane 
hydrogenolysis [4]. The XRD patterns before and after reaction were essentially identical and did 
not have the peaks for Ru metal, which supports the stability of Ru/CeO2 (Figure 3-9). 
 
Model reactions 
The large loss of carbon balance is a significant feature of hydrogenolysis of Hy-Bot, while there 
is no such loss in hydrogenolysis of squalane (Figure 3-4), n-hexadecane, and C6 alkanes [4,5]. 
The reactivity of model substrates, namely 2,3-dimethylheptane, 3,3-dimethylheptane and 2,5-
dimethylhexne, all of which are substructures of Hy-Bot and not substructures of squalane, was 
tested (Table 3-2). In the hydrogenolysis of 2,3-dimethylheptane and 3,3-dimethylheptane, all the 
main products were substructures of the substrate, similarly to the hydrogenolysis of squalane, n-
hexadecane, and C6 alkanes. Small amount of isomerized products were also formed; however no 
products with higher boiling point than substrates were formed. On the other hand, hydrogenolysis 
of 2,5-dimethylhexane produced 1,4-dimethylcyclohexane by dehydrocyclization in addition to 
substructures of substrate. Such cycloalkanes has higher boiling point than acyclic substrate, while 
Production of gasoline fuel from alga-derived botryococcene by hydrogenolysis over Ru/CeO2 catalyst 
55 
 
such dehydrocyclization did not occur in the case of squalane, n-hexadecane, and C6 alkanes [4,5]. 
The dehydrocyclization is the reaction of two terminal methyl groups of C6 chain. However, both 
2,3-dimethylheptane and 3,3-dimethylheptane also have C6 chain with two terminal methyl groups. 
The difference in C6 chain between 2,5-dimethylhexane and dimethylheptanes is the reactivity of 
terminal C1-C2 and C5-C6 bonds to hydrogenolysis. In the case of 2,5-dimethylhexane, both 
terminal bonds are Cprimary-Ctertiary ones with low activity [46]. On the other hand, one terminal 
bond of C6 chain in dimethylheptanes is reactive Cprimary-Csecondary one. The dehydrocyclization 
seems to proceed only between methyl groups bonded to tertiary carbon. Hy-Bot indeed contains 
such structure (Figure 3-10). Ring-opening of dehydrocyclization products by hydrogenolysis 
produces isomers of substrates, and this dehydrocyclization-ring-opening will complicate the 
reaction mixture. In fact, small amount of 3-methylheptane, which is a ring-opening product of 
1,4-dimethylcyclohexane, was detected (0.1%-C selectivity) in 2,5-dimethylhexane 
hydrogenolysis. Such increase in the kinds of products may contribute to the loss of carbon balance 
in Hy-Bot hydrogenolysis. 
 
3.4. Conclusions 
Good gasoline (C5-C12) yield (70%-C) was obtained from hydrogenated C34 botryococcene by 
hydrogenolysis over monofunctional Ru/CeO2 catalyst at 513 K. The main components of gasoline 
products were dimethylalkanes which have good RON and stability. The gasoline yield was much 
higher than those obtained over Ru/SiO2 and Pt/SiO2-Al2O3 catalysts. Typical monofunctional 
Ir/SiO2 catalyst also showed good gasoline yield; however the activity was much lower than 
Ru/CeO2. The Ru/CeO2 catalyst was stable and reusable. Large loss of carbon balance was 
observed for all tested catalysts when the main products were still large molecules, which may be 
due to the complex isomerization to many kinds of product isomers. One isomerization reaction is 
the dehydrocyclization of C6 chain with two terminal Cprimary-Ctertiary bonds and subsequent ring 




loss of carbon balance was not observed. 
 
References 
[1] L. W. Hillen, G. Pollard, L. V. Wake, N. White, Biotechnol. Bioeng. 24 (1982) 193-205. 
[2] H. Kitazato, S. Asaoka, H. Iwamoto, Sekiyu Gakkaishi 32 (1989) 28-34. 
[3] K. Zhang, X. Zhang, T. Tan, RSC Adv. 6 (2016) 99842-99850. 
[4] S. Oya, D. Kanno, H. Watanabe, M. Tamura, Y. Nakagawa, K. Tomishige, ChemSusChem 8 
(2015) 2472-2475. 
[5] Y. Nakagawa, S. Oya, D. Kanno, Y. Nakaji, M. Tamura, K. Tomishige, ChemSusChem 10 
(2017) 189-198. 
[6] M. Ioki, M. Baba, N. Nakajima, Y. Shiraiwa, M. M. Watanabe, Bioresour. Technol. 109 (2012) 
292-296 
[7] M. Kawachi, T. Tanoi, M. Demura, K. Kaya, M. M. Watanabe, Algal Res. 1 (2012) 114-119. 
[8] R. Shimamura, S. Watanabe, Y. Sakakura, M. Shiho, K. Kaya, M. M. Watanabe, Proc. Environ. 
Sci., 15 (2012) 80-89. 
[9] A. Ishimatsu, H. Matsuura, T. Sano, K. Kaya, M. M. Watanabe, Proc. Environ. Sci. 15 (2012) 
56-65. 
[10] K. Murata, Y. Liu, M. M. Watanabe, M. Inaba, I. Takahara, Energy Fuels 28 (2014) 6999-
7006. 
[11] J. C. Guibet, Carburants et moteurs Tome 1, Editions Technip, Paris, 1997. 
Production of gasoline fuel from alga-derived botryococcene by hydrogenolysis over Ru/CeO2 catalyst 
57 
 
Table 3-1. The maximum yield of each fuel in the results of Figure 3-5 
Catalyst 







Ru/CeO2 70 (1.5) 52 (0.9) 50 (0.9) 
Ru/SiO2 39 (0.75) 29 (0.6) 30 (0.3) 
Ir/SiO2 56 (28.8) 64 (28.8) 63 (28.8) 
Pt/SiO2-Al2O3 4.1 (2.4) 4.5 (0.4) 4.7 (0.4) 




Table 3-2. Hydrogenolysis of model substrates of Hy-Bot 
Reaction conditions: Ru/CeO2, 50 mg; dimethylheptane, 0.51 g (4 mmol); H2, 6 MPa; 513 K; 1 h. 
a Products with < 0.5% each selectivity. All of the 
products had lower boiling point (shorter retention time) than the substrate. b trans/cis = 5/1. c Ru/CeO2, 300 mg; 2,5-dimethylhexane, 1.14 g (10 mmol); 
2 h.  
Substrate Conv. [%] Product (Selectivity [%])
2,3-dimethylheptane
18
(3.6)                       (1.3)                    (31)                    (22)               (0.9)




(0.6)                      (0.9)                (46)                    (15)                (1.2)            (12)




(0.6b)                      (1.2)                     (13) (3.7)            (5.0)          (63)    
(3.7)  C2H6 (1.2)  CH4 (5.5)  Others
a (3.1)
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Figure 3-1. GC charts of a) botryococcene and b) hydrogenated botryococcene (Hy-Bot).  




































Figure 3-2. GC chart of liquid sample of hydrogenolysis of Hy-Bot over Ru/CeO2. Reaction 
conditions: Ru/CeO2, 50 mg; Hy-Bot, 0.6 g; H2, 6 MPa; 513 K; 6 h.  
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Figure 3-3. Hydrogenolysis of Hy-Bot over various catalysts. Reaction conditions: catalyst 50 mg (b 
400 mg, c 100 mg ); Hy-Bot, 0.6 g; H2, 6 MPa; 513 K; 2 h (
a 1 h, b 12 h);. C.B.: Carbon balance, U.P,: 

























































Figure 3-4. Hydrogenolysis of squalane over various Ru catalysts. Conditions: Ru/Support, 50 mg; 
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Figure 3-5. Time course of hydrogenolysis of Hy-Bot over a) Ru/CeO2, b) Ru/SiO2, c) Ir/SiO2, d) 
Pt/SiO2-Al2O3. Conditions: Catalyst, (a,b) 50 mg, (c) 400 mg, (d) 100 mg; Hy-Bot, 0.6 g; H2, 6 MPa; 
































































































































































































Figure 3-6. 1H NMR spectrum of liquid sample of hydrogenolysis of Hy-Bot over Ru/CeO2 (diluted 
with CDCl3). Reaction conditions: Ru/CeO2, 50 mg; Hy-Bot, 0.6 g; H2, 6 MPa; 513 K. Conversion, 
58.6%; Carbon balance, 72.1%.  
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Figure 3-7. GC charts in C21-C23 region of liquid samples of hydrogenolysis of Hy-Bot over 
Ru/CeO2. Reaction conditions: Ru/CeO2, 50 mg; Hy-Bot, 0.6 g; 6 or 30 h; H2, 6 MPa; 513 K; 6 h or 
























Figure 3-8. Reuse of Ru/CeO2 in hydrogenolysis of Hy-Bot. Reaction conditions: Ru/CeO2, 100 mg; 
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Figure 3-9. The XRD patterns of Ru/CeO2 before and after use in hydrogenolysis of Hy-Bot.  
CeO2
Ru/CeO2 (before reaction)
Ru/CeO2 (after 5 times use)












Catalytic transformation of polyethylene over Ru/CeO2 catalyst. 
 
4.1. Introduction 
Plastics are essential chemicals for our life, and the produced amount becomes larger and larger 
every year. However, waste plastics, especially micro plastic wastes, cause many problems in the 
ocean. Therefore, development of effective methods to transform plastics into valuable chemicals, 
is desirable in order to solve such environmental issues. Representative products are liquid fuel 
including gasoline, jet, and diesel, lubricants oil used for mechanics or in cosmetics, and monomer 
for production of plastics or fiber. As shown in section 1.3.5, many researches such as pyrolysis, 
[1] reverse of Ziegler-Natta polymerization, [2] cross alkane metathesis, [3] and hydrocracking 
(hydrogenolysis) [4,5] have been reported. However, these processes have some problems such as 
high temperature (typically at  673 K), use of complex catalysts, low catalytic activity, 
isomerization of products, and/or low oil yield ( 40%). Therefore, establishment of new catalytic 
reaction systems is necessary. 
In the chapter 3, Ru/CeO2 was reported to be effective for the regioselective hydrogenolysis of 
alga-derived hydrocarbons for cleavage of internal C-C bonds. In this section, hydrogenolysis of 
low-density polyethylene (LDPE) over heterogeneous catalysts was investigated. LDPE has 
essentially linear alkane structure in contrast to those of alga-derived hydrocarbons with multi-
branches. [6-8] And then, products are thought to be linear alkanes when internal C-C bonds are 
cleaved. Ru/CeO2 was found to be an effective heterogeneous catalyst for the reaction. 




hydrocracking catalysts, was investigated and compared with that of Ru/CeO2, resulting in that 
Ru/CeO2 showed the highly catalytic performance than Pt/zeolite. 
4.2. Experimental  
Catalyst preparation 
M/CeO2 catalysts (M: 5 wt%; M=Ru, Ir, Rh, Pt, Pd, Cu, Co, Ni) were prepared by impregnation 
method, and used metal precursors were as follows, respectively: Ru(NO)(NO3)3-x(OH)x in diluted 
nitric acid (Sigma Aldrich, Ru: 1.5 wt%), Ir(NO3)4 (Furuya Metal), Rh(NO3)3 (Wako Pure 
Chemicals Industries), Pt(NH3)2(NO2)2 (Tanaka Kikinzoku Kogyo), Pd(NO3)2 (N.E.CHEMCAT), 
Cu(NO3)2･3H2O (Wako Pure Chemicals Industries), Co(NO3)2･6H2O (Wako Pure Chemicals 
Industries), and Ni(NO3)2･6H2O (Wako Pure Chemicals Industries). Ru/support catalysts (Ru: 5 
wt%) were also prepared by impregnation method, and used supports were as follows: CeO2 
(Daiichi Kigenso Kagaku Kogyo, HS), SiO2 (Fuji Silysia Chemical, G-6), MgO (Ube Industries, 
500A), TiO2 (Nippon Aerosil, AEROXIDE P25), and ZrO2 (Daiichi Kigenso Kagaku Kogyo, RC-
100P). Ru/C (Ru: 5 wt%) was purchased from Wako Pure Chemicals Industries. Pt/H-USY (Pt: 1 
wt%) catalyst was prepared by impregnating H-USY (Tosoh: HSZ-330HUA; SiO2/Al2O3=5.9) 
with Pt(NH3)2(NO2)2. After evaporating the solvent, all the prepared catalysts were dried at 383 K 
for 12 h, and then heated in the N2 flow at 573 K for 1 h as pretreatment. 
 
Activity test 
Activity tests were performed in a 190 ml stainless steel autoclave with copper gasket. 
Appropriate amount catalyst and substrate were put into the reactor containing an inner glass 
cylinder with a glass-coated magnetic spinner. Used substrates were low-density polyethylene 
(LDPE, Mn: ~1700, Mw: ~4000, Sigma Aldrich; Mn: ~7700, Mw: ~35000, Sigma Aldrich; Mw: 
~50000, Scientific Polymer Products), high-density polyethylene (HDPE, Mn: ~12000, Mw: 
~64000, a melt flow index: 12 g/10 min, Sigma Aldrich), and polypropylene (PP, Sigma Aldrich, 
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Mn: ~5000, Mw: ~12000). After sealing, the reactor was purged with hydrogen three times and 
filled with 3.5 MPa hydrogen. Then, the reactor was heated to 513 K. The heating took about 1 h, 
and the pressure became 6 MPa. Temperature was monitored using a thermocouple inserted in the 
reactor. Stirring rate was fixed at 450 rpm. After an appropriate time, the reactor was quickly 
cooled down to room temperature in water bath. Gas and liquid phases of the reaction mixture 
were transferred to a 10 L aluminum gas bag and a 30 mL glass vial, respectively. 20 mL of 
mesitylene (Wako Pure Chemicals Industries) was used as washing solvent in the collection of the 
liquid phase. Residual solid was weighed after suction filtration. The products were analyzed with 
GC (Shimadzu GC-2014) equipped with flame ionization detector (FID). The UA-1 capillary 
column (FRONTIER LABORATORIES) was used for separation. To the gas phase collected to 
the gas bag, 80 L of dichloromethane (Wako Pure Chemicals Industries) was added as an internal 
standard. 200 L of the gas sample was injected into GC. To the liquid phase, 100 mg of 9,10-
dihydroanthracene (Tokyo Chemical Industry) was added as an internal standard. 1.0 L of the 
liquid sample was injected into GC. The qualitative analysis of products was performed with GC-
MS (Shimadzu QP-5050) by EI and CI modes. The maximum carbon number which can be 
analyzed by GC-FID is 45 due to high boiling point of products, and product distribution was 
decided as follows: gas (C1-C4), liquid fuel (C5-C21), wax (C22-C45). The conversion and yield 
were calculated with the formulas shown below. Residual solid after the reaction is assumed as 
unreacted substrate which can be reacted partially. 
Conversion [%-C] = (
Amount of substrate input [mol-C] - Amount of unreacted substrate [mol-C]
Amount of substrate input [mol-C]
) ×100  
Selectivity [%-C] = 
Amount of each products [mol-C]
∑ Amount of products [mol-C] 
 ×100  
Yield [%-C] = Conversion [-] × Selectivity [-] ×100  
Carbon balance [%-C] = (
Amount of unreacted substrate [mol-C]+∑ Amount of products [mol-C]
Amount of substrate input [mol-C]
) ×100  





(∑ Amount of products[mol] + Amount of unreacted substrate [mol])× 
Amount of substrate input [mol-C]
Amount of unreacted substrate [mol-C]+∑ Amount of products [mol-C]]
Amount of substrate input [mol]
) -1  
 
Reuse experiment 
Procedure of reuse experiment of Ru/CeO2 for hydrogenolysis of LDPE is as follows. First, a 
normal activity test with a fresh catalyst was conducted. Next, all the reaction mixture was 
collected using mesitylene as a washing solvent. The used catalyst was recovered by centrifugation, 
washed with n-hexane three times, and then dried in air 383 K for 12 h. The loss of the catalyst 
was about 15%. The next run was conducted on the same scale, where a small amount of fresh 
catalyst (about 15%) was added to compensate for the loss in the recovery process. 
 
Characterization 
BET surface area was measured with Micromeritics Gemini VII 2390 instrument. X-ray 
diffraction (XRD) patterns were recorded by a diffractometer (Rigaku UltimaIV) with Cu K ( 
0.154 nm, 45 kV, 40 mA) radiation. Thermogravimetry-differential thermal analysis (TG-DTA) 
was carried out with a Rigaku Thermo Plus EVO-II under air atmosphere. Nuclear magnetic 
resonance (NMR) analysis was conducted with a BRUKER AV-400 at room temperature for the 
solution after hydrogenolysis reaction diluted in CDCl3. Scanning transmission electron 
microscope (STEM) images were taken with a JEOL JEM-ARM200F. The sample was dispersed 
in ethanol and placed on Cu grid under air atmosphere. X-ray Absorption Spectroscopy (XAS) 
was conducted at the BL14B2 station at SPring-8 with the approval of the Japan Synchrotron 
Radiation Research Institute (JASRI), Proposal No 2018B1732. The storage ring was operated at 
8 GeV, and a Si (111) single crystal was used to obtain a monochromatic X-ray beam. Two ion 
chambers for I0 and I were filled with 100% Ar and 80% Ar + 20% Kr, respectively, for Ru K-edge 
measurement. The catalysts for the sample of measurement after reduction and hydrogenolysis of 
Catalytic transformation of polyethylene over Ru/CeO2 catalyst. 
73 
 
LDPE (Mn: ~1700, Mw: ~4000) at 513 K for 8 h were used. The sample of Ru/CeO2 (100 mg) was 
mixed with boron nitride (170 mg) and pressed into disks with 10 nm . The sample disk was 
reduced with H2 at 513 K for 1 h and then transferred to the measurement cell filled with N2 after 
cooling. For the used catalyst, the catalyst sample after the reaction was transferred from the 
autoclave to the measurement cell in N2 atmosphere. The EXAFS and XANES data were collected 
in a transmission mode. For EXAFS analysis, the oscillation was first extracted from the EXAFS 
data using a spline smoothing method. [9] The edge jumps were from 0.3 to 0.4. Fourier transform 
of the k3-weighted EXAFS oscillation from the k space to the r space was performed over the range 
30-120 nm-1 to obtain a radial distribution function. The inversely Fourier filtered data were 
analyzed using a usual curve fitting method. [10,11] For curve-fitting analysis, the empirical phase 
shift and amplitude functions for the Ru-Ru bond and Ru-O were extracted from data for Ru 
powder and RuO2, respectively. The references were mixed with boron nitride and pressed into 
disks with 10 mm diameter. Analysis of EXAFS data was performed using a computer program 
(REX2000, ver. 2.6; Rigaku Corp.). Hanning window with k = 0.05 was applied before Fourier 
transformation in the analysis of Ru/CeO2. The number of independent parameters for the curve-
fitting analysis of EXAFS was calculated as follows: IP = (2kR/) +2, [12] and confirmed that 
the value (10.6) was sufficiently larger than the number of fitted parameters (4) in the curve 
fitting for all simulations. Error bars for each parameter were estimated by stepping each parameter 
while optimizing the other parameters, until the residual factor becomes two times as its minimum 
value. [13] 
 
4.3. Results and Discussion 
Degradation of LDPE over Ru/CeO2 




conducted (Table 4-1). In the main metals supported on CeO2 support, only Ru showed the activity 
for the reaction at 513 K, while the activities of the other metals were almost zero. Although 
reaction temperature was increased to 533 K and reaction time was extended to 24 h, a little activity 
was seen only in Ir/CeO2 and Rh/CeO2 catalysts. Therefore, Ru was selected to the main metal for 
the reaction. Next, support effect in the reaction over prepared Ru catalysts and commercial Ru/C 
catalyst was investigated where the conversion was adjusted to similar level by changing the 
reaction time. All Ru catalysts showed activity and the order of the activity based on reaction time 
as follows: Ru/SiO2 < Ru/CeO2 < Ru/C  Ru/MgO  Ru/TiO2  Ru/ZrO2. In terms of product 
distribution, Ru/CeO2 gave lowest gas (C1-C4) selectivity (9.8 %-C) and higher liquid fuel (C5-
C21) selectivity (71.2 %-C). While moderate liquid fuel yields were obtained in other supports, 
gaseous products, which were less valuable chemicals, were obtained more. Therefore, Ru/CeO2 
showed high regioselectivity to cleavage of internal C-C bonds, leading to suppression of the 
formation gas products.  
Figure 4-1 showed the time course of hydrogenolysis of LDPE (Mn: ~1700, Mw: ~4000) over 
Ru/CeO2: Figure 4-1(a) and 1(b) showed time course of the reaction and the chromatogram of 
products in liquid phase with reaction time, respectively. First, the main products were gas (C1-
C4) and liquid fuel (C5-C21) in shorter reaction time, and production of wax (C22-C45) was not 
almost confirmed. As the reaction proceeded, wax (C22-C45) as heavier products was produced 
as shown in Figure 4-1(b). However, the yield of wax (C22-C45) decreased immediately because 
heavier hydrocarbons included in wax (C22-C45) was also and converted into lighter 
hydrocarbons such as gas (C1-C4) and liquid fuel (C5-C21). When the reaction was conducted for 
8 h, the highest yield of liquid fuel (C5-C21) with 84 %-C was achieved, and formation of gas was 
under 10 %-C (9.7 %-C). The distribution of C6 products were mostly n-hexane (>99%), which 
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suggested that products were not isomerized significantly. After the conversion reached 100 %-C, 
the carbon chains of products were more shortened, which resulted in increase of gas (C1-C4) 
yield and decrease of liquid fuel (C5-C21) yield.  
 
Comparison of Ru/CeO2 with Pt/H-USY, a conventional hydrocracking catalyst 
A conventional catalyst used for hydrocracking is bifunctional one with acid and hydrogenation 
such as Pt/zeolite. [14] Pt/H-USY (Pt: 1 wt%) was prepared by impregnation method and used for 
the hydrogenolysis of LDPE (Mn: ~1700, Mw: ~4000) to compare with the performance of 
Ru/CeO2 catalyst. Pt/H-USY showed less activity than that of Ru/CeO2 at 513 K in spite of longer 
reaction time (24 h) as shown in Table 4-1. When the reaction temperature was increased to 533 
K, gas (C1-C4) yield was also increased and higher than that of Ru/CeO2 at similar conversion 
level to Ru/CeO2. Liquid fuel (C5-C21) yield was lower than that of Ru/CeO2, and then diesel 
(C10-C21) with longer carbon chains was not almost produced over Pt/H-USY (Table 4-2). In 
addition, Pt/H-USY gave significant isomerization, which was confirmed by NMR measurement 
(Figure 4-2), and the distribution of n-hexane in C6 products was only 20% (Table 4-2) in contrast 
to the case of Ru/CeO2. As shown in Figure 4-3, product distribution after the reaction over Pt/H-
USY was more complex than that of Ru/CeO2 besides heavier products were not produced. 
Moreover, TG-DTA analysis was conducted for Ru/CeO2 and Pt/H-USY after the reaction to 
confirm resistance to coke deposition (Figure 4-4). While coke deposition was not confirmed in 
Ru/CeO2, the signal derived from combustion of carbonaceous species was seen in the case of 
Pt/H-USY and the amount of carbonaceous species was 0.04 gcoke/gcat which decreased BET 
surface area from 391 to 97 m2/g. Above all results, Ru/CeO2 catalyst has higher catalytic 




of products, and resistance to coke deposition. 
 
Reusability of Ru/CeO2 catalyst 
To confirm the catalyst stability, reuse test was conducted for Ru/CeO2 by hydrogenolysis of 
LDPE (Mn: ~1700, Mw: ~4000) for 8 h at 513 K when the highest liquid fuel (C5-C21) yield was 
obtained. Simple regeneration of Ru/CeO2 composed of washing and drying was carried out, and 
then next run was carried out in the same scale with a small amount of fresh catalyst to compensate 
for the loss in recovery process (Figure 4-5). Ru/CeO2 was not deactivated during reuse test and 
could be reused at least 5 times. Ru/CeO2 developed by our laboratory has character for small Ru 
particle size and highly dispersed Ru particle as shown in TEM images (Figure 4-6). Several 
characterizations showed the stable catalyst structure before and after the reaction. BET surface 
area of Ru/CeO2 was not almost changed (from 81 to 83 m
2/g), and XRD patterns in Figure 4-5(b) 
showed highly dispersed Ru particle on CeO2 before and after the reaction. From Ru K-edge XAS 
analysis, only Ru-Ru bond was confirmed and the value of coordination number was the same 
(about 5) before and after the reaction from Fourier-transform EXAFS spectra in Figure 4-5(c) and 
Table 4-3. While Ru-O bond was seen slightly, it was considered as coordination bond between 
Ru and O of CeO2. [15] Therefore, the structure of Ru species highly dispersed on CeO2 was 
almost unchanged during the reaction. 
 
Substrate scope 
In order to investigate the substrate scopes of Ru/CeO2, activity tests for LDPE (Mn: ~7700, Mw: 
~35000), LDPE (Mw: ~50000), HDPE (Mn: ~12000, Mw: ~64000), and PP (Mn: ~5000, Mw: 
~12000) as substrates were performed besides LDPE (Mn: ~1700, Mw: ~4000) as shown in Table 
4-4. As a result, all PEs with larger molecular weight or high density were degraded into liquid 
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fuel (C5-C21) with over 80 %-C yield as comparable yield distribution to that of LDPE (Mn: ~1700, 
Mw: ~4000). In addition, hydrogenolysis of PP (Mn: ~5000, Mw: ~12000) was also conducted, 
providing over 70% yield of liquid fuel (C5-C21), although gas (C1-C4) yield was higher (~ 20 %-
C) than the cases of PE because dissociation of methyl groups in side chain is inevitable and 
produced much amount of methane. Therefore, PE and PP could be degraded into liquid fuel with 
high yield over Ru/CeO2. 
 
4.4. Conclusions 
Ru was the most effective metal in hydrogenolysis of LDPE, especially in combination with CeO2 
support in terms of production of highest liquid fuel and suppression of gas formation. The highest 
yield of liquid fuel (C5-C21) was obtained with 84 %-C for 8 h at 513 K. In contrast to the case of 
Pt/H-USY as a conventional hydrocracking catalyst, Ru/CeO2 had higher catalytic performance in 
terms of catalytic activity, production of liquid fuel, suppression of isomerization, and resistance 
coke deposition. Moreover, Ru/CeO2 had high stability and could be reused at least 5 times. LDPEs 
with several molecular weight, HDPE, and PP was also converted over Ru/CeO2 and high yield of 
liquid fuel was obtained. Therefore, Ru/CeO2 catalyst has high potentiality for chemical recycle 
of waste plastics. 
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Table 4-1. Hydrogenolysis of LDPE (Mn: ~1700, Mw: ~4000) over various catalysts. 
a Reduction was conducted in H2 flow at 973 K for 1 h. Reaction conditions: catalyst (M: 5 wt%; 



















Ru/CeO2 513 5 76.4 14.8 7.5 (9.8) 54.4 (71.2) 14.5 (19.0) 
 513 8 >99.9 18.0 9.7 (9.7) 83.7 (83.7) 6.5 (19.0) 
Ir/CeO2 513 5 <0.1 - - - - 
 533 24 2.9 0.8 1.3 (48.0) 1.4 (47.3) 0.1 (4.7) 
Rh/CeO2 513 5 <0.1 - - - - 
 533 24 5.0 2.1 2.6 (51.8) 2.0 (40.1) 0.4 (8.0) 
Pt/CeO2 513 5 <0.1 - - - - 
 533 24 <0.1 - - - - 
Pd/CeO2 513 5 <0.1 - - - - 
 533 24 <0.1 - - - - 
Cu/CeO2 513 5 <0.1 - - - - 
 533 24 <0.1 - - - - 
Co/CeO2
a 513 5 <0.1 - - - - 
 533 24 <0.1 - - - - 
Ni/CeO2
a 513 5 <0.1 - - - - 
 533 24 <0.1 - - - - 
Ru/C 513 4 65.6 22.2  23.0 (37.0) 30.9 (49.6) 8.3 (13.4) 
Ru/SiO2 513 8 71.0 23.0  15.2 (21.8) 44.8 (64.3) 9.7 (13.9) 
Ru/MgO 513 4 74.1 25.8  23.5 (32.0) 40.4 (55.0) 9.6 (13.0) 
Ru/TiO2 513 4 73.2 24.7  21.5 (29.5) 40.3 (55.4) 11.0 (15.1) 
Ru/ZrO2 513 4 83.3 19.0  10.6 (23.4) 60.8 (56.9) 11.9 (19.7) 
Pt/H-USY* 513 24 7.0 1.7 2.2 (30.5) 4.9 (69.5) 0.0 (0.0) 













Amount of each products in C6 [mmol-C] Product distribution of each products in C6 [%-C] 
2,2-DMC4 2,3-DMC4 2-MC5 3-MC5 n-C6 2,2-DMC4 2,3-DMC4 2-MC5 3-MC5 n-C6 
Ru/CeO2 0.0 0.0 <0.1 0.0 7.6 0.0 0.0 0.6 0.0 99.4 
Pt/H-USY 0.1 0.8 14.6 9.4 6.5 0.2 2.5 46.7 29.9 20.8 
2,2-DMC4: 2,2-dimethylbutane, 2,3-DMC4: 2,3-dimethylbutane, 2-MC5: 2-methylpentane, 3-MC5: 3-methylpentane, n-C6: n-hexane. Reaction 

















Ru/CeO2 513 8 18.0 9.7 83.7 62.2 6.5 
Pt/H-USY 533 42 20.8 18.0 82.0 2.2 0.0 
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Table 4-3. Curve fitting results of Ru K-edge EXAFS 











i Ru powder Ru-Ru 12 2.68 0 0.06  
ii RuO2 Ru-O 6 1.97 0 0.06  
iii Ru/CeO2 before reaction Ru-Ru 4.9 (0.7) 2.62 (0.01) -1.0 (1.8) 0.067 (0.005) 1.9 
iv Ru/CeO2 after reaction Ru-Ru 4.9 (0.7) 2.63 (0.01) -3.4 (1.7) 0.061 (0.005) 1.7 
a Coordination number. b Bond distance. c Difference in the origin of photoelectron energy between 
the reference and the sample. d Debye-Waller factor. e Residual factor. Fourier filtering range: 
0.169-0.288 nm. Ru: 5 wt%. (iii) Reduction at 513 K for 1 h. (iv) Hydrogenolysis of LDPE (Mn: 





Table 4-4. Results of substrate scope results of hydrogenolysis over Ru/CeO2 at 100 %-C 
conversion level. 
Reaction conditions: Ru/CeO2 (Ru: 5 wt%), 100 mg (* 200 mg); substrate, 3.4 g; H2, 6 MPa (at 















LDPE (Mn: ~1700, Mw: ~4000) 8 18.0  9.7  83.7  6.5  
LDPE (Mn: ~7700, Mw: ~35000) 18 23.9 12.5  82.1  5.4  
LDPE (Mw: ~50000) 24 23.7 12.9 80.4 6.8 
HDPE (Mn: ~12000, Mw: ~64000) 10 23.5  13.2  82.6  4.1  
PP (Mn: ~5000, Mw: ~12000)* 72 30.7 21.0 72.2 6.7 
Catalytic transformation of polyethylene over Ru/CeO2 catalyst. 
83 
 
Figure 4-1. Time course of hydrogenolysis of LDPE (Mn: ~1700) over Ru/CeO2. a) Time vs 
Conversion or yield, b) GC chromatogram of products in liquid phase with reaction time. Reaction 
conditions: catalyst (Ru: 5 wt%), 100 mg; LDPE (Mn: ~1700), 3.4 g; H2 6 MPa (at 513 K); 513 K; 
1-24 h. 
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Figure 4-2. 13C NMR spectrum of liquid sample after hydrogenolysis over Ru/CeO2 over Pt/H-
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Figure 4-3. GC Chromatogram of products in liquid phase after hydrogenolysis over Ru/CeO2 and 
Pt/H-USY. Reaction conditions corresponded to Table 4-2.   
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Figure 4-4. TG-DTA profile of (a) Ru/CeO2 and (b) Pt/H-USY after reaction. Reaction conditions 








































































































Catalytic transformation of polyethylene over Ru/CeO2 catalyst. 
87 
 
Figure 4-5. Results of reuse test of hydrogenolysis of LDPE (Mn: ~1700, Mw: ~4000) over 
Ru/CeO2. Reaction conditions: Ru/CeO2 (Ru: 5 wt%), 100 mg; LDPE (Mn: ~1700, Mw: ~4000), 

























Figure 4-6. Characterization of Ru/CeO2 about Ru particle size. (a) High-angle annular dark-field 
STEM images with EDS mapping, (b) XRD patterns, (c) Fourier-transform of k3-weighted EXAFS. 
Entries are as follows: (i) Ru powder, (ii) RuO2, (iii) Ru/CeO2 after reduction. (iv) Ru/CeO2 after 
reaction. Reduction conditions: 513 K for 1 h under H2 flow (30 ml/min). Reaction conditions: 
Ru/CeO2 (Ru: 5 wt%), 100 mg; LDPE (Mn: ~1700, Mw: ~4000), 3.4 g; H2, 6 MPa (at 513 K); 513 
K; 8 h. 
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Formation mechanism of Ru/CeO2 catalyst during heating and 
reduction.* 
* Reproduced from Ref. “Yosuke Nakaji, Daisuke Kobayashi, Yoshinao Nakagawa, Masazumi Tamura, 
Kazu Okumura, and Keiichi Tomishige, J. Phys. Chem. C 123 (2019) 20817-20828.” with permission 
from ACS Publications. 
 
5.1. Introduction 
Ruthenium is one of the elements of platinum group and has been used for catalysis in the metallic 
state for long years such as Fischer-Tropsch synthesis [1-4], ammonia synthesis/decomposition [5-
8], and CO2 methanation [9-12]. Metallic Ru is catalytically active also in hydrogenolysis [13-18], 
and the hydrogenolysis reactions become more and more important, especially those of biomass-
derived compounds such as glycerol, sorbitol, carboxylic acids, phenols, and so on. As well as 
other noble metal catalysts, structure sensitivity of Ru metal catalysts has been investigated and 
reported [3-6,14,16]. However, most studies on structure sensitivity of Ru metal used catalysts 
with particle size of more than 3 nm, where the Ru particle size was controlled by changing the 
reduction temperature. Preparation methods of Ru catalyst with less than 2 nm size are limited, 
especially when the support is highly crystalline solid. Our groups have recently reported a 
Ru/CeO2 catalyst with very small Ru particle size and highly crystalline CeO2 support (pre-
calcined at 873 K) [19,20]. The Ru particle size was smaller than 1.5 nm from XRD patterns and 
TEM images. The highly dispersed Ru metal supported on CeO2 catalyst was prepared by simple 
impregnation of CeO2 support with Ru(NO)(NO3)3-x(OH)x aqueous solution followed by 
decomposition of precursor by heating at 573 K under inert atmosphere (N2). Nowadays, Okal et 
al. also developed Ru/CeO2 catalyst with highly dispersed Ru particles (1-2 nm) prepared by a 
microwave-assisted polyol method using RuCl3 and ethylene glycol as a metal precursor and a 




to dispersed Ru particles with H2 proceeded below the typical reaction temperature for catalytic 
C-C hydrogenolysis (~ 513 K) at which internal Csecondary-Csecondary bonds in squalane structure 
were cleaved regioselectively [19]. The selection of both support and heating conditions is 
important for preparation of the highly dispersed Ru particles: use of other supports such as SiO2 
or heating under air instead of N2 leads to formation of larger Ru particles (> 4.0 nm). However, 
the structure changes during the pretreatments (heating in inert gas and reduction with H2) have 
not been clarified.  
To investigate the structural changes during heating in inert gas and reduction with H2, TPR-
XAFS for prepared Ru catalysts was carried out. Some works about TPR-XAFS analysis of Ru 
species have been reported in the literature. Boujday et al. showed that the overall shift of the Ru 
K-edge to 4 eV lower energy during reduction of Ru species from oxide (+II) to metal over 
mesoporous SiO2 supported Ru catalyst prepared from an organoruthenium derivative of 
polyoxometalate for benzene hydrogenation [22]. Garcia-Garcia et al. showed the support effect 
on the intermediate oxidation states of Ru species prepared with the same precursor 
(Ru(NO)(NO3)3 aq) over Ru/activated carbon catalysts for ammonia decomposition [7]. Mori et 
al. showed the peak shift of Fourier-transformed EXAFS (extended X-ray absorption fine 
structure) to the shorter bond distance by formation of Ru-Ni alloy over TiO2 supported Ru-Ni 
alloy catalyst for hydrogen production from ammonia borane [23]. 
In this article, the structural change of highly dispersed Ru/CeO2 and the related catalysts during 
preparation and reduction was analyzed by Ru K-edge XANES (X-ray absorption near-edge 
structure) and EXAFS in the combination of XRD and temperature programmed reduction with 
H2. During the heating or reduction pretreatment of Ru/CeO2 and Ru/SiO2, oxidized Ru species 
(RuO2) and reduced Ru species (Ru metal) coexist on the catalyst surface. EXAFS analysis enables 
the determination of the reduction degree based on the coordination number of Ru-O and the 
particle size (or dispersion) of Ru metal particles based on the estimated reduction degree and 
overall coordination number of Ru-Ru. Quick-scanning measurement can give a EXAFS spectrum 
in the narrow temperature range. The reduction degree of Ru species and the CNRu-Ru can be 
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determined from each EXAFS spectrum. The present method can be more suitable for the 




Ru/CeO2 and Ru/SiO2 catalysts (Ru: 5 wt%) were prepared according to our previous report [19]. 
CeO2 (Daiichi Kigenso Kagaku Kogyo Co., Ltd., HS) pre-calcined at 873 K (BET surface area: 
88 m2/g) and SiO2 (Fuji Silysia Chemical Ltd., G-6) pre-calcined at 973 K (BET surface area: 466 
m2/g) were impregnated with Ru(NO)(NO3)3-x(OH)x in diluted nitric acid (Sigma Aldrich, Ru: 1.5 
wt%), respectively. After evaporating the solvent, the prepared catalysts were dried at 383 K for 
12 h, and then calcined in air or heated in N2 flow at 573 K for 1 h. The Ru/CeO2 samples after 
calcination and heating in N2 flow are denoted as “Ru/CeO2-Air” and “Ru/CeO2-N2”, respectively. 
Since the catalytic reaction has been carried out typically at 513 K and the catalyst was reduced 
during heating, reduced catalysts were prepared by treatment of Ru/CeO2-Air and Ru/CeO2-N2 
with flowing H2 at 513 K. The reduced catalysts were denoted as “Ru/CeO2-Air-Red” and 
“Ru/CeO2-N2-Red”. For Ru/SiO2, the sample after impregnation was heated in N2 flow, similarly 
to the case of Ru/CeO2-N2. 
 
Characterization 
X-ray diffraction (XRD) patterns were recorded by a diffractometer (Rigaku UltimaIV) with Cu 
Cu K ( = 0.154 nm, 45 kV, 40 mA) radiation. The determination of crystallite size of Ru or RuO2 
was carried out with the XRD pattern after subtracting the pattern of support and Scherrer equation 
at 44 ° or 35 ° of peaks, respectively. The error of the determined crystallite size was about  1 nm. 
Temperature programmed reduction with H2 (H2-TPR) was carried out in a fixed-bed reactor 
equipped with a thermal conductivity detector (TCD) and frozen acetone trap. The sample amount 
was 50 mg, and it was heated in 5% H2/Ar (30 mL/min) at heating rate of 10 K/min. The amount 




catalysts were reduced in H2 at 513 K for 1 h. The adsorption was conducted at 183 K by cooling 
with a frozen acetone and the final H2 pressure was about 1.3 kPa. Transmission electron 
microscopy (TEM) images were obtained on JEOL JEM-2100F instrument. X-ray Absorption 
Spectroscopy (XAS) was conducted at the BL01B1 station at SPring-8 with the approval of the 
Japan Synchrotron Radiation Research Institute (JASRI), Proposal No 2014B1248 and 
2018B1732. The storage ring was operated at 8 GeV, and a Si (111) single crystal was used to 
obtain a monochromatic X-ray beam. Two ion chambers for I0 and I were filled with 100% Ar and 
80% Ar + 20% Kr, respectively, for Ru K-edge (1s  ) XAS measurement. The measurement 
method is similar to our previous reports [24-27]. The samples of Ru/CeO2 (100 mg) were mixed 
with boron nitride (170 mg) and pressed into disks with 10 mm diameter. The sample of Ru/SiO2 
was prepared in the same procedure as Ru/CeO2 without dilution by boron nitride. Sample disks 
were transferred to the quartz in situ cell. The sample of Ru/CeO2 was measured under two 
sequences of temperature/atmosphere control as follows: (i) heated at 10 K/min from room 
temperature to 573 K in air under atmospheric pressure, cooled down to room temperature, and 
then heated at 10 K/min to 573 K in H2 + He (10 + 5 mL/min (STP)) under atmospheric pressure, 
and (ii) heated at 10 K/min from room temperature to 573 K in N2 (100 mL/min (STP)) under 
atmospheric pressure, cooled down to room temperature, and then heated at 10 K/min to 573 K in 
H2 + He, similarly to the case of (i). The sequences (i) and (ii) simulates the preparation of 
Ru/CeO2-Air-Red and Ru/CeO2-N2-Red, respectively. The sample of Ru/SiO2 was heated at 10 
K/min from room temperature to 573 K in He (100 mL/min (STP)) under atmospheric pressure, 
cooled down to room temperature, and then heated at 10 K/min to 573 K in H2 + He, similarly to 
the above cases. Quick-scanning Ru K-edge XAFS spectra were obtained every about 1 min. This 
means that the temperature change about one measurement was 10 K for Ru K-edge EXAFS 
spectra. The Si (111) single-crystal monochromator was moved continuously from 5.20 to 4.86 ° 
in 1 min. The XAFS data were collected in a transmission mode under in situ conditions. The 
recorded energy domain was 21980-22660 eV. The spectra of Ru/SiO2 before and after the in situ 
quick-scanning XAFS measurements were also obtained at room temperature. For EXAFS 
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analysis, the background of oscillation was first extracted from the EXAFS data using a spline 
smoothing method [28]. The oscillation was normalized by edge height around at 50 eV above the 
threshold. The edge jumps (t = t - 0t) were about 0.3 for the samples of Ru/CeO2 and 1.0 for 
the sample of Ru/SiO2. Fourier transformation of the k
3-weighted EXAFS oscillation from the k 
space to the r space was performed over the range 30-120 nm-1 to obtain a radial distribution 
function. The inversely Fourier filtered data were analyzed using a usual curve fitting method 
[29,30]. For curve-fitting analysis, the empirical phase shift and amplitude functions for the Ru-
Ru bond and Ru-O were extracted from data for Ru powder and RuO2, respectively. The references 
were mixed with boron nitride and pressed into disks with 10 mm diameter. In order to confirm 
the accuracy of the references, accuracy of the references for EXAFS curve fitting analysis was 
checked by Athena-Artemis suite using FEFF6 (Table 5-1). Ru powder can be well fitted by FEFF 
with a reasonable passive electron reduction factor (S0
2) of 0.80. However, RuO2 was difficult to 
be analyzed by Athena-Artemis suite using FEFF6 with high residual factor probably due to the 
rutile structure of RuO2 composed of two Ru-O bonds with slightly different bond lengths (0.194 
and 0.198 nm) [31]. The high crystallinity of RuO2 was confirmed by XRD pattern (Figure 5-1). 
Hanning window with k = 0.05 was applied before Fourier transformation in the analysis of 
Ru/CeO2-N2. Analysis of EXAFS data was performed using a computer program (REX2000, ver. 
2.6; Rigaku Corp.). Selected data were also analyzed by Athena-Artemis suite using FEFF6 with 
same passive electron reduction factors (S0
2) as those obtained from the fitting of the reference 
samples. Similar results were obtained with REX2000 and Athena-Artemis suite in the case of 
curve fitting of Ru-Ru bond. However, there were significant errors with large Rf and fluctuated 
coordination numbers between similar samples for the analysis by Athena-Artemis suite in the 
case of curve fitting of Ru-O bond (Table-5-1). This is probably because of the presence of two 
type of Ru-O bonds with similar distances, similarly to the case of RuO2. It is not realistic that 
fitting of weak Ru-O signal with two Ru-O bonds with similar distance. Therefore in this case, the 
reference samples for curve fittings was used to extract Ru-Ru bond and Ru-O bonds with 




calculated as follows: IP = (2kR/) + 1 [32], and confirmed that the value (10.6) was sufficiently 
larger than the number of fitted parameters (8) in the curve fitting for all simulations. 
 
5.3. Results and Discussion 
Ru/CeO2-Air catalyst 
First, quick-scanning XAFS (QXAFS) measurements in the conditions simulating preparation of 
Ru/CeO2-Air-Red which contains relatively large Ru particles were carried out. Fourier-transform 
of EXAFS spectra is shown in Figure 5-2. The EXAFS curve fitting results are listed in Table 5-2. 
Entry 1 corresponded to Ru/CeO2 after impregnation and only drying, and a peak derived from 
Ru-O bond was confirmed in Figure 5-2. Although coordination number of the Ru-O bond (CNRu-
O) was nearly 6, which is similar to that of RuO2, the bond distance of Ru-O (0.205 nm) was longer 
than that of RuO2 (0.197 nm), and the Ru-Ru bond with ~ 0.3 nm distance of RuO2 crystal was not 
observed. In addition, the signal around 0.25 nm in the Fourier transform of EXAFS spectra could 
not be assigned for Ru-Ru or Ru-Ce bond in the curve fitting. Therefore, the Ru species in the 
dried Ru/CeO2 were non-crystalline species including amorphous oxide or isolated species as also 
confirmed by the XRD pattern, where no signal was observed for Ru species (Figure 5-3), although 
some nitrate ion was still present as observed in FT-IR (Figure 5-4). Nitrosyl ligand (NO) had been 
probably removed during drying at 383 K, since even unsupported Ru(NO)(NO3)3 precursor has 
been reported to start releasing NO below this temperature [33]. Fourier transform of EXAFS was 
almost not changed during calcination until 510 K (Entries 2-5), which means that the structure of 
Ru species was almost not changed. However, the bond distance of Ru-O was gradually shortened 
at above 530 K (Entries 6-8) and became close to RuO2. In addition, the signal around 0.3 nm 
derived from Ru-Ru bond in RuO2 structure appeared in the Fourier transform of EXAFS spectra 
during holding the temperature at 573 K (Entry 8). The formation of RuO2 crystal (9.7 nm) was 
also confirmed by XRD pattern of Ru/CeO2-Air (Figure 5-3). Above all results show that non-
crystalline Ru species was converted to crystalline RuO2 with large crystallite size during the 
calcination at 573 K; however, as discussed later smaller Ru oxide particle that cannot be detected 
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by XRD might be also formed. 
Next, the reduction behavior of Ru/CeO2-Air was analyzed (Table 5-2, Entries 9-21). The 
reduction proceeded between 380 and 450 K: the CN of Ru-O decreased and Ru-Ru bond appeared. 
These QXAFS results were further analyzed in combination with H2-TPR result. The H2-TPR 
profile of Ru/CeO2-Air is shown in Figure 5-5(a). Ru/CeO2-Air was reduced in the range from 350 
to 480 K, and the temperature range almost agreed with the QXAFS result (Figure 5-5(b)). The 
average oxidation state of Ru was further investigated by both QXAFS and H2-TPR. From QXAFS, 
the average oxidation state of Ru species was estimated from the CNRu-O values. Considering that 
the distance of Ru-O bond was almost unchanged during the reduction, the Ru species was 
suggested to be the mixture of Ru metal (no Ru-O bond) and RuO2 (six Ru-O bonds). In this case, 
the average oxidation state of Ru was calculated by the following equation: 4CNRu-O/6. From H2-
TPR, it is not straightforward to determine the valence of Ru because some amount of CeO2 was 
reduced simultaneously. Here, the amount of reduced CeO2 was assumed to be proportional to that 
of RuO2. In this case, the average oxidation state of Ru can be calculated by 4{1-(H2 consumption 
from 350 K to that temperature)/(total H2 consumption)}. Ru valence values from these two 
methods are plotted in Figure 5-5(c). The values well agreed, therefore the Ru species of Ru/CeO2-
Air were gradually changed from crystalline RuO2 to Ru metal mainly from 380 to 450 K. Ru 
metal and RuO2 coexisted during reduction. Next, the structure of Ru metal species during the 
reduction was investigated by estimating the coordination number of the Ru-Ru bond values 
without the contribution of RuO2 (CN*Ru-Ru). Considering that the ratio of RuO2 to total Ru can be 
calculated by CNRu-O/6, CN*Ru-Ru can be calculated by CN*Ru-Ru = CNRu-Ru/(1-CNRu-O/6). The 
calculated CN*Ru-Ru is also listed in Table 5-2. The CN*Ru-Ru value increased during reduction: 3.0 
at 400 K into 6.8 at 440 K. This behavior means that the size of Ru crystallite increased during 
reduction. On the other hand, the crystallite size of RuO2 and Ru determined by XRD (Figure 5-
3) of Ru/CeO2-Air and Ru/CeO2-Air-Red, respectively, corresponded to almost the same number 
of Ru atoms (~ 15000 Ru) in each RuO2 (9.7 nm) or Ru (7.4 nm) particles, assuming that RuO2 




This agreement suggests that aggregation of particles did not proceed during the reduction, and 
one RuO2 crystallite was gradually changed into one Ru metal particle.  
TEM measurements were also carried out for Ru/CeO2-Air and Ru/CeO2-Air-Red (Figure 5-6). 
However, the contrast of TEM images in the solid was little due to the similar electron density 
between Ru and Ce. Although a lattice fringe with a 0.205 nm spacing, which corresponds to Ru 
(101) plane, was seen in some particle of Ru/CeO2-Air-Red, it is not easy to assign to Ru metal or 
CeO2 regarding most particles. The crystallite size distribution could not be estimated. The 
dispersion of Ru of Ru/CeO2-Air-Red was 0.31 from H2 adsorption, which was slightly larger than 
that calculated from the Ru crystallite size (the dispersion of Ru metal particles with 7.4 nm particle 
size is calculated to be 0.18) from XRD pattern. The coordination number of Ru-Ru in Ru/CeO2-
Air-Red was 7, which is also inconsistent with the crystallite size with XRD pattern. This 
inconsistency might be explained by the presence of smaller Ru species particles as well as larger 
particles. In fact, the H2-TPR profile (Figure 5-5(a)) has small shoulder peak that can be assigned 
to dispersed Ru species (next section). In terms of EXAFS curve fitting, the CN of Ru-Ru bond 
could be separated into smaller CN of 4 as discussed next section and larger CN of 10 derived 
from Ru particle size from XRD (7.4 nm) as Karim et al. reported [6], and Ru particles in Ru/CeO2-
Air-Red could be composed of about 1:1 of smaller ones and larger ones. The presence of highly 
dispersed Ru particles might affect the discussion in the EXAFS analysis. However, as described 
in the next section. The aggregation of small Ru particles hardly proceeds in CeO2 support. 
 
Ru/CeO2-N2 catalyst 
The QXAFS measurement to simulate catalyst preparation was then applied to Ru/CeO2-N2-Red 
which is the original Ru/CeO2 catalyst developed by our laboratory. Fourier-transform of EXAFS 
spectra is shown in Figure 5-7, respectively. The EXAFS curve fitting results are listed in Table 5-
3. Entry 1 corresponded to dried Ru/CeO2, and the Ru species is thought to be non-crystalline 
species as discussed in the section “Ru/CeO2-Air catalyst”. During heating under N2, the XANES 
spectrum, Fourier-transform of EXAFS spectra, the curve fitting results were almost unchanged 
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(Entries 2-8). The signal around 0.3 nm derived from Ru-Ru bond in RuO2 structure did not appear 
in Fourier-transform of EXAFS spectra, which indicated the absence of crystalline RuO2 with large 
size in contrast to Ru/CeO2-Air. The Ru-O bond distance was a little shorter than that of the sample 
before heating and became similar to that in RuO2. This change in bond distance was more clearly 
observed in Ru/CeO2-Air where RuO2 crystal was formed during calcination (section “Ru/CeO2-
Air catalyst”). The peak derived from RuO2 was not detected in the XRD pattern of Ru/CeO2-N2 
(Figure 5-3). From these results, the Ru species in Ru/CeO2-N2 are non-crystalline Ru oxide with 
the valence similar to 4. Considering that the valence of Ru in precursor is 3 (Ru(NO)(NO3)3-
x(OH)x aq), the nitrate ion can be the oxidant for the valence change of Ru, from 3 to 4. 
Next, the reduction behavior of Ru/CeO2-N2 was analyzed (Table 5-3, Entries 9-24). The 
reduction proceeded in the temperature range of 330-460 K, and this temperature range was 
slightly lower than that of Ru/CeO2-Air (350-480 K). The lower reduction temperature can be due 
to the lower crystallinity of Ru oxide in Ru/CeO2-N2 composed of non-crystalline Ru oxide than 
Ru/CeO2-Air composed of crystalline RuO2. The QXAFS results were compared with H2-TPR 
profile, similarly to the section “Ru/CeO2-Air catalyst”. The H2-TPR profile of Ru/CeO2-N2 is 
shown in Figure 5-8(a). The reduction signal appeared between 330 and 500 K with strong peak 
at 360 K and weak shoulder peak at 430 K. The temperature of main TPR signal agreed with the 
reduction temperature in QXAFS (Figure 5-8(b)), although small reduction signal was further 
present in TPR, which might be due to the reduction of CeO2. The valence of Ru during the 
reduction was further investigated in a similar method for the section “Ru/CeO2-Air catalyst”. The 
Ru-O bond distance was almost unchanged during the reduction. Then the Ru species were 
assumed to be the mixture of Ru metal and Ru (IV) oxide with six Ru-O bonds. The average 
oxidation state of Ru was calculated by 4CNRu-O/6. From H2-TPR, the average oxidation state of 
Ru was calculated by 4{1-(H2 consumption from 330 K to that temperature)/(total H2 
consumption)} based on the assumption that the amount of reduced CeO2 was proportional to that 
of reduced Ru. The reduction degree of Ru from the curve fitting results of EXAFS is consistent 




significantly large in the temperature range of 400-430 K where the reduction was almost finished. 
This means that another bond might exist in addition to Ru-O of Ru oxide and Ru-Ru of Ru metal 
such as coordination bond between Ru and O atoms contained in CeO2 with longer bond distance 
than that of the reference (Table 5-3). Very recently, Liu et al. have reported that Ru/CeO2 catalyst 
with highly dispersed Ru nanocluster had Ru-O bond even after reduction, demonstrated by several 
characterization including XAS analysis, due to the O atom at a Ru-O-Ce interface or the O atom 
in CeO2 that migrates on Ru sites, when the size of Ru clusters was very small [34]. Curve fitting 
including Ru-O bond with longer distance after reduction was more difficult to use in discussion 
of the aggregation of Ru particles than that excluding Ru-O bond, due to the larger error range. 
Therefore, the curve fitting in narrower Fourier filtering range (0.200-0.288 nm) than the cases of 
Ru/CeO2-Air-Red and Ru/SiO2 after reduction (0.169-0.288 nm) was conducted. The CNRu-Ru after 
the total reduction was about 4, and the low value indicates the small Ru particle. The coordination 
number of Ru-Ru without the contribution of Ru-O species during reduction (CN*Ru-Ru) was 
calculated in a similar way to the section “Ru/CeO2-Air catalyst”, and the values are also listed in 
Table 5-3. The CN*Ru-Ru was almost constant during reduction in contrast to the case of Ru/CeO2-
Air. This result suggests that each Ru oxide particle was reduced to metal particle at once and did 
not aggregate during the reduction (at least after reduced to zero-valence; considering the general 
trend that zero-valence metal is easier to move on oxide support than oxide species, oxide species 
before reduction did not probably aggregate, either). The tendency was consistent for the general 
one that oxide is less mobile that metal oxide support. In addition, the CNRu-Ru of totally reduced 
Ru/CeO2-N2 (ca. 4.0) was less than that of Ru/CeO2-Air (ca. 7.0) and dispersion of Ru of Ru/CeO2-
N2 determined by H2 adsorption was H/Ru=0.87, and it was higher than that of Ru/CeO2-Air 
(H/Ru=0.31). Above the all results, Ru species had been already highly dispersed as oxide species 
after heating in N2 flow, and then the dispersed Ru oxide particle was converted to dispersed Ru 
metal particle without aggregation. 
 
Ru/SiO2 catalyst 
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The QXAFS measurement was further applied to Ru/SiO2 prepared with a similar method to 
Ru/CeO2-N2. Fourier-transform of EXAFS spectra is shown in Figure 5-9, respectively. The 
EXAFS curve fitting results are listed in Table 5-4. Entry 1 was Ru/SiO2 after impregnation and 
only drying. The initial Ru species were non-crystalline Ru species with CNRu-O = 6, similarly to 
the Ru/CeO2 samples. The Ru-O bond distance (0.205 nm) was similar to that in Ru/CeO2 and 
longer than that in RuO2. No Ru-Ru bond in long distance derived from RuO2 was observed in 
EXAFS spectrum. Similarly to the Ru/CeO2-N2, the XANES spectrum, Fourier-transform of 
EXAFS spectra, and the curve fitting results were hardly changed during heating until at 570 K 
(Entry 2-6) in He flow. Even holding temperature at 573 K (Entries 7, 8), the signal around 0.3 nm 
derived from Ru-Ru bond in RuO2 structure was not observed in Fourier transform of EXAFS 
spectra. Although the XRD pattern of Ru/SiO2 after heating in N2 showed the peaks of RuO2 
(Figure 5-10), the intensity was much weaker than that in Ru/CeO2-Air (Figure 5-11). The main 
Ru species of Ru/SiO2 after heating was probably non-crystalline Ru oxide. The partial formation 
of crystalline RuO2 in spite of heating in inert gas might be due to the lower dispersion 
(H/Ru=0.19) [35] than that of Ru/CeO2-N2. Lower interaction between Ru species and SiO2 
surface than on CeO2 might also affect the RuO2 formation. 
Next, the reduction behavior of Ru/SiO2 after heating was investigated by QXAFS (Entries 10-
26) and H2-TPR (Figure 5-12(a)). In contrast to CeO2 support, the reduction of SiO2 support does 
not proceed and thus the average oxidation state of Ru species can be directly calculated from the 
H2 consumption amount in H2-TPR. The total H2 consumption amount in H2-TPR agreed with that 
the initial state before reduction was Ru (IV) oxide. Both H2-TPR and EXAFS showed that the 
reduction of Ru proceeded mainly in the range of 330-470 K (Figures 5-12(a) and 12(b)). The 
reduction temperature was similar to that of Ru/CeO2-N2, indicating that the reactivity of non-
crystalline Ru oxide species with H2 did not depend on the support. The Ru-O bond distance was 
almost unchanged during the reduction, and thus it can be assumed that the Ru species was the 
mixture of Ru metal and Ru (IV) oxide with six Ru-O bonds, similarly to the case of Ru/CeO2 




agreed with those determined by H2-TPR (Figure 5-12(c)). In contrast to the case of Ru/CeO2-N2, 
the Rf values were always small (near 1) during the reduction, suggesting that the interaction 
between Ru particles and support was weaker than that of Ru/CeO2-N2. Similarly to earlier 
sections, the Ru-Ru coordination number without the contribution of Ru-O species during 
reduction was calculated, and the values were listed in Table 5-4. Similarly to the case of Ru/CeO2-
N2, the CN*Ru-Ru was almost the same during the reduction, and also almost the same as the CNRu-
Ru of totally reduced Ru/SiO2 (~8). This behavior suggested that each Ru oxide particle was 
reduced at once and did not aggregate during the reduction similarly to the case of Ru/CeO2-N2. 
The small amount of crystalline RuO2 did not strongly influence the structure of metallic Ru 
species. 
 
Model structures of catalysts during preparation 
Figure 5-13 shows the schematic representation of the Ru catalysts for which TPR-XAFS was 
conducted to understand the structure dependence of preparation methods and supports. Ru species 
in dried Ru catalysts are non-crystalline Ru species, although the dispersion of Ru depends on 
support (CeO2 gives higher dispersion). Calcination of Ru/CeO2 converted the non-crystalline Ru 
species to crystalline RuO2 (Ru/CeO2-Air) with large crystallite size and small crystallite size, 
while heating in N2 hardly produces RuO2 but non-crystalline Ru (IV) oxide. Ru/SiO2 heated in 
He flow is partially converted to crystalline RuO2 due to the lower Ru dispersion; however, most 
Ru oxide remained non-crystalline species. The reduction temperature of non-crystalline Ru (IV) 
oxide in Ru/CeO2-N2 and Ru/SiO2 is slightly lower than RuO2 in Ru/CeO2-Air. RuO2 in Ru/CeO2-
Air was partially and gradually reduced to metallic Ru species without the change in the number 
of Ru atoms in one particle. On the other hand, non-crystalline Ru (IV) oxide in Ru/CeO2-N2 and 
Ru/SiO2 was reduced particle by particle. After all, the dispersion of Ru catalysts was decided 
before the calcination in air or the heating in inert gas, and heating in inert gas prevented the 
formation of crystalline RuO2. 
 




Ru species heated in inert gas was non-crystalline Ru oxide on both CeO2 and SiO2 supports, 
while Ru species calcined in air was converted to crystalline RuO2. The reduction temperature of 
non-crystalline Ru oxide in Ru/CeO2 (heated in N2 flow; Ru/CeO2-N2) and Ru/SiO2 was similar 
and lower than that of RuO2 in calcined Ru/CeO2 (Ru/CeO2-Air). The non-crystalline Ru oxide 
was reduced particle by particle without aggregation. Therefore, the reactivity of non-crystalline 
Ru oxide to H2 did not depend on the support, and the crystallite size was determined during 
impregnation. The coordinate bond between Ru and O atoms included in CeO2 was formed during 
reduction of Ru/CeO2-N2 because of the small crystallite size. On the other hand, reduction of 
RuO2 in calcined Ru/CeO2 (Ru/CeO2-Air) proceeded gradually with growing Ru crystallites inside 
the RuO2/Ru particle. Ru/CeO2-N2 catalyst developed in our laboratory works as highly functional 
heterogeneous catalyst because it had already been highly dispersed before heating, and was not 
formed to crystalline RuO2 to prevent the aggregation during the reduction. 
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Table 5-1. Comparison of EXAFS curve fitting results between REX2000 and Athena-Artemis 
suite. 
REX2000 










1 Ru powder Ru-Ru 12 2.68 0 0.06  
2 RuO2 Ru-O 6.0 1.97 0 0.06  
 Ru/CeO2       
3 Entry 1 in Table 5-2 Ru-O 5.9 2.05 -0.7 0.061 0.00 
4 Entry 8 in Table 5-2 Ru-O 5.9 1.95 -3.7 0.079 0.01 
5 Entry 9 in Table 5-2 Ru-O 6.0 1.96 -3.2 0.064 0.02 
6 Entry 21 in Table 5-2 Ru-Ru 7.1 2.67 0.8 0.078 0.00 
7 Entry 1 in Table 5-3 Ru-O 6.0 2.04 0.1 0.058 0.00 
8 Entry 8 in Table 5-3 Ru-O 5.9 2.00 0.6 0.106 0.00 
9 Entry 9 in Table 5-3 Ru-O 5.9 2.06 0.6 0.086 0.00 
10 Entry 24 in Table 5-3 Ru-Ru 4.0 2.62 -1.4 0.096 0.01 
 Ru/SiO2       
11 Entry 1 in Table 5-4 Ru-O 5.8 2.05 -0.8 0.060 0.00 
12 Entry 8 in Table 5-4 Ru-O 6.0 2.02 1.7 0.098 0.00 
13 Entry 10 in Table 5-4 Ru–O 6.0 2.04 1.7 0.085 0.00 
14 Entry 26 in Table 5-4 Ru-Ru 8.0 2.65 -1.7 0.084 0.00 
a Coordination number. b Bond distance. c Difference in the origin of photoelectron energy between 
the reference and the sample. d Debye-Waller factor. e Residual factor. Fourier filtering range: 
0.120-0.199 nm (Entries 2-5, 7-9, 11-13), 0.169-0.288 nm (Entries 1, 6, 10, 14).  
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Table 5-1 (Continued) 
Athena-Artemis: 















1 Ru powder Ru-Ru 12 2.68 -3.8 0.005 0.067 0.00 0.80 
2 RuO2 Ru-O 6.0 1.98 7.3 0.003 0.052 0.02 0.74 
 Ru/CeO2         
3 Entry 1 in Table 5-2 Ru-O 4.4 ( 2.1) 2.07 ( 0.03) 5.9 0.001 0.028 0.01 0.74 
4 Entry 8 in Table 5-2 Ru-O 6.1 ( 3.3) 1.98 ( 0.04) 2.8 0.006 0.078 0.01 0.74 
5 Entry 9 in Table 5-2 Ru-O 6.7 ( 3.8) 1.99 ( 0.04) 4.1 0.005 0.070 0.01 0.74 
6 Entry 21 in Table 5-2 Ru-Ru 8.3 ( 2.4) 2.67 ( 0.01) 4.1 0.008 0.090 0.02 0.80 
7 Entry 1 in Table 5-3 Ru-O 4.5 ( 1.9) 2.07 ( 0.02) 5.3 0.001 0.031 0.01 0.74 
8 Entry 8 in Table 5-3 Ru-O 3.9 ( 1.7) 2.03 ( 0.03) 7.7 0.008 0.089 0.01 0.74 
9 Entry 9 in Table 5-3 Ru-O 3.4 ( 1.0) 2.09 ( 0.02) 3.7 0.002 0.047 0.00 0.74 
10 Entry 24 in Table 5-3 Ru-Ru 5.1 ( 2.2) 2.61 ( 0.02) -7.7 0.011 0.103 0.05 0.80 
 Ru/SiO2         
11 Entry 1 in Table 5-4 Ru-O 4.3 ( 2.0) 2.07 ( 0.02) 7.9 0.001 0.023 0.01 0.74 
12 Entry 8 in Table 5-4 Ru-O 3.8 ( 2.3) 2.06 ( 0.04) 9.8 0.005 0.072 0.02 0.74 
13 Entry 10 in Table 5-4 Ru-O 4.0 ( 1.7) 2.08 ( 0.03) 6.6 0.004 0.060 0.01 0.74 
14 Entry 26 in Table 5-4 Ru-Ru 8.1 ( 2.6) 2.65 ( 0.01) 1.1 0.009 0.095 0.03 0.80 
a Coordination number. b Bond distance. c Difference in the origin of photoelectron energy between 
the reference and the sample. d Debye-Waller factor. e Residual factor. f Passive electron 
reduction factor. This parameter was fixed in Entries 3-14. Fourier filtering range: 0.120-0.199 nm 




Table 5-2. Curve fitting results of in situ Ru K-edge EXAFS of Ru/CeO2 prepared from calcination 



















1 Air 1 310 Ru-O 5.9 2.05 -0.7 0.061 0.12   
2  6 360 Ru-O 5.9 2.05  -0.4 0.063 0.32  
3  11 410 Ru-O 5.9 2.05  0.5 0.065 0.43  
4  16 460 Ru-O 6.0 2.05  1.0 0.071 0.63  
5  21 510 Ru-O 5.8 2.05  1.7 0.076 0.87  
6  26 560 Ru-O 5.9 2.04  1.7 0.100 1.90  
7  28 573 Ru-O 5.6 2.02  1.9 0.100 1.96  
8   88 573 Ru-O 5.9 1.95 -3.7 0.081 1.45   
9 H2+He (2:1) 123 320  Ru-O 6.0 1.96 -3.2 0.064 1.70   
10  126 350  Ru-O 6.0  1.98  -3.3 0.073  1.00   
11  129 380  Ru-O 6.0  1.98  -3.3 0.077  0.76   
12  131 400  Ru-O 5.2  2.02  -1.2 0.084  1.94  3.0 
    Ru-Ru 0.4  2.64  -4.6 0.100    
13  132 410  Ru-O 4.6  2.02  -1.4 0.083  2.00  5.7 
    Ru-Ru 1.3  2.65  -2.8 0.100    
14  133 420  Ru-O 3.4  2.02  -0.7 0.080  1.97  6.5 
    Ru-Ru 2.8  2.66  -1.2 0.088    
15  134 430  Ru-O 1.4  2.02  -1.0 0.071  1.11  6.6 
    Ru-Ru 5.0  2.67  0.6 0.076    
16  135 440  Ru-O 0.5  2.03  0.4 0.068  1.15  6.8 
    Ru-Ru 6.2  2.67  0.8 0.075    
17  136 450  Ru-Ru 7.0  2.67  0.0 0.075  0.14   
18  139 480  Ru-Ru 7.1  2.67  0.4 0.077  0.17   
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19  142 500  Ru-Ru 7.0  2.67  0.4 0.078  0.18   
20  146 513  Ru-Ru 7.1  2.67  0.3 0.078  0.17   
21  149 513  Ru-Ru 7.1 2.67 0.8 0.078 0.17    
Ru powder - - r.t. Ru-Ru 12 2.68 0 0.06   
RuO2 - - r.t. Ru-O 6 1.97 0 0.06     
a Average temperature. b Coordination number. c Bond distance. d Difference in the origin of 
photoelectron energy between the reference and the sample. e Debye-Waller factor. f Residual 
factor. g CNRu-Ru/(1-CNRu-O/6). Fourier filtering range: 0.120-0.199 nm (Entries 1-11), 0.120-0.288 
nm (Entries 11-16), 0.169-0.288 nm (Entries 17-21). Gas flow rate: Air (0, static), H2+He (15 




Table 5-3. Curve fitting results of in situ Ru K-edge EXAFS of Ru/CeO2 prepared from heating in 




Temp. a  
[K] 













1 N2 1 310 Ru-O 6.0 2.04 0.1 0.058 0.19  
2  6 360 Ru-O 5.9 2.05 0.1 0.063 0.32  
3  11 410 Ru-O 5.8 2.05 1.1 0.066 0.46  
4  16 460 Ru-O 5.9 2.05 1.2 0.075 0.56  
5  21 510 Ru-O 5.9 2.05 1.9 0.093 0.75  
6  26 560 Ru-O 5.9 2.04 3.7 0.100 1.64  
7  28 573 Ru-O 5.8 2.03 3.6 0.103 0.45  
8  88 573 Ru-O 5.9 2.00 0.6 0.106 0.22  
9 H2+He (1:2) 123 320 Ru-O 5.9 2.06 0.6 0.086 0.03  
10  125 340 Ru-O 5.9 2.07 1.8 0.090 0.53  
11  126 350 Ru-O 5.3 2.05 -1.5 0.099 1.78 3.7 
    Ru-Ru 0.4 2.61 -3.8 0.060   
12  127 360 Ru-O 4.6 2.06 -0.1 0.093 0.59 3.8 
    Ru-Ru 0.9 2.59 -6.7 0.074   
13  128 370 Ru-O 3.3 2.07 0.8 0.079 1.05 3.6 
    Ru-Ru 1.6 2.62 -1.2 0.092   
14  129 380 Ru-O 2.6 2.06 -0.3 0.076 1.65 3.6 
    Ru-Ru 2.1 2.63 1.7 0.097   
15  130 390 Ru-O 2.1 2.07 0.7 0.068 1.93 3.7 
    Ru-Ru 2.3 2.63 -0.1 0.100   
16  131 400 Ru-O 1.2 2.08 1.7 0.069 2.94 3.4 
    Ru-Ru 2.4 2.63 0.6 0.100   
17  132 410 Ru-O 0.9 2.09 3.6 0.061 3.45 3.6 
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    Ru-Ru 2.8 2.63 0.8 0.100   
18  133 420 Ru-O 0.7 2.09 3.7 0.060 3.41 3.5 
    Ru-Ru 2.9 2.63 1.3 0.097   
19  134 430 Ru-O 0.5 2.09 3.4 0.060 3.59 3.9 
    Ru-Ru 3.4 2.63 1.0 0.100   
20  135 440 Ru-Ru 3.8 2.61 -2.0 0.102 0.28  
21  138 470 Ru-Ru 4.1 2.61 -1.3 0.100 0.29  
22  141 500 Ru-Ru 4.1 2.62 -0.6 0.098 1.00  
23  145 513 Ru-Ru 4.1 2.61 -1.9 0.095 1.65  
24  149 513 Ru-Ru 4.0 2.62 -1.4 0.096 1.48  
Ru powder - - r.t. Ru-Ru 12 2.68 0 0.06   
RuO2 - - r.t. Ru-O 6 1.97 0 0.06   
a Average temperature. b Coordination number. c Bond distance. d Difference in the origin of 
photoelectron energy between the reference and the sample. e Debye-Waller factor. f Residual 
factor. g CNRu-Ru/(1-CNRu-O/6). Fourier filtering range: 0.120-0.199 nm (Entries 1-10), 0.120-0.288 
nm (Entries 11-19), 0.200-0.288 nm (Entries 20-24). Gas flow rate: N2 (100 mL/min), H2+He (15 




Table 5-4. Curve fitting results of in situ Ru K-edge EXAFS of Ru/SiO2 prepared from heating in 




Temp. a  
[K] 













1 He 2 310 Ru-O 5.8 2.05 -0.8 0.060 0.14  
2  7 360 Ru-O 5.7 2.05 -0.2 0.060 0.52  
3  12 410 Ru-O 5.9 2.05 -0.2 0.066 0.71  
4  17 470 Ru-O 5.7 2.05 0.0 0.072 0.62  
5  22 520 Ru-O 5.7 2.05 1.8 0.081 0.81  
6  27 570 Ru-O 5.8 2.05 1.8 0.096 1.19  
7  47 573 Ru-O 5.8 2.03 1.8 0.100 0.43  
8  87 573 Ru-O 6.0 2.02 1.7 0.098 0.39  
9 Air 108 r.t. Ru-O 6.0 2.02 1.2 0.091 0.47   
10 H2+He (2:1) 114 310 Ru–O 6.0 2.04 1.7 0.085 0.20  
11  116 340 Ru–O 5.9 2.04 0.6 0.090 1.25  
12  118 360 Ru–O 5.0 2.03 -0.7 0.091 1.77 8.1 
    Ru-Ru 1.4 2.65 -6.3 0.074   
13  119 370 Ru–O 4.3 2.03 -0.6 0.088 1.88 8.3 
    Ru-Ru 2.4 2.65 -5.4 0.073   
14  120 380 Ru–O 3.8 2.03 -0.8 0.085 1.59 8.2 
    Ru-Ru 3.0 2.65 -5.2 0.074   
15  121 390 Ru–O 3.5 2.03 -1.0 0.085 1.33 8.3 
    Ru-Ru 3.5 2.65 -4.6 0.076   
16  122 400 Ru–O 3.1 2.03 -0.9 0.086 1.31 8.3 
    Ru-Ru 4.0 2.65 -4.2 0.077   
17  123 410 Ru–O 2.6 2.02 -1.2 0.082 0.96 8.4 
    Ru-Ru 4.8 2.65 -3.6 0.077   
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18  124 420 Ru–O 2.1 2.02 -1.1 0.081 0.90 8.3 
    Ru-Ru 5.4 2.65 -3.3 0.076   
19  125 430 Ru–O 1.6 2.01 -2.5 0.078 0.82 8.2 
    Ru-Ru 6.0 2.65 -3.3 0.079   
20  126 440 Ru–O 1.2 2.01 -2.3 0.075 1.07 8.2 
    Ru-Ru 6.6 2.65 -2.7 0.083   
21  127 450 Ru–O 0.6 2.01 -2.4 0.065 0.86 8.1 
    Ru-Ru 7.3 2.65 -2.6 0.082   
22  128 460 Ru-O 0.2 2.01 -1.6 0.063 1.15 8.0 
    Ru-Ru 7.7 2.65 -1.8 0.084   
23  129 470 Ru-Ru 8.0 2.65 -1.8 0.084 0.97  
24  131 490 Ru-Ru 8.1 2.65 -1.9 0.084 0.33  
25  133 513 Ru-Ru 8.1 2.65 -1.3 0.085 0.26  
26  150 513 Ru-Ru 8.0 2.65 -1.7 0.084 0.25  
27  170 r.t. Ru-Ru 8.0 2.65 -0.9 0.069 0.16  
Ru powder - - r.t. Ru-Ru 12 2.68 0 0.06   
RuO2 - - r.t. Ru-O 6 1.97 0 0.06   
a Average temperature. b Coordination number. c Bond distance. d Difference in the origin of 
photoelectron energy between the reference and the sample. e Debye-Waller factor. f Residual 
factor. g CNRu-Ru/(1-CNRu-O/6). Fourier filtering range: 0.120-0.199 nm (Entries 1-11), 0.120-0.288 
nm (Entries 12-22), 0.169-0.288 nm (Entries 23-27). Ru: 5 wt%. Gas flow rate: He (100 mL/min), 




Figure 5-1 XRD pattern of RuO2 as reference.  
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Figure 5-2. Results of Ru K-edge Fourier transform of k3-weighted EXAFS analysis of Ru/CeO2 
during calcination in air and reduction. FT range: 30-120 nm-1. The filtering range is listed in Table 
5-2.  
























Figure 5-3. XRD patterns of Ru/CeO2 catalysts. a) CeO2,
36 b) Ru/CeO2 dried after impregnation, 
c) Ru/CeO2-Air (after calcination at 573 K), d) Ru/CeO2-N2, (after heating in N2 at 573 K), e) 
Ru/CeO2-Air-Red, and f) Ru/CeO2-N2-Red. [36] 
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Figure 5-4. FT-IR spectra of Ru/CeO2 catalysts. a) Ru/CeO2, dried after impregnation, b) Ru/CeO2-
Air, c) Ru/CeO2-N2. 
 
FT-IR measurements 
 Fourier transform infrared (FT-IR) spectra were recorded with a NICOLET6700 spectrometer 
(Thermo SCIENTIFIC) equipped with a liquid nitrogen-cooled Mercury-Cadmium-Telluride 
(MCT) detector (resolution = 4 cm-1) in a transmission mode, using an in situ IR quartz cell with 
KBr windows. All samples (20 mg) were mixed with KBr (200 mg) and pressed into disks with 
20 nm  (120 mg). FT-IR spectra of adsorbed species were obtained by subtracting the background 
























Figure 5-5. Reduction behavior of Ru/CeO2-Air. (a) H2-TPR profile. Broken line is the profile of 
CeO2. (b) Coordination numbers from curve fitting of Ru K-edge EXAFS analysis during the 
reduction (Table 5-2). ○: Coordination number of Ru-O; ●: Coordination number of Ru-Ru. (c) 
Average oxidation state of Ru as a function of reduction temperature. ○: From Ru K-edge EXAFS 
analysis (Table 5-2). The average oxidation state of Ru was calculated by 4CNRu-O/6. Dotted line: 
H2 consumption in the H2-TPR profile.  
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Figure 5-6. TEM images of (a) Ru/CeO2-Air and (b) Ru/CeO2-Air-Red. 
 
TEM observation 
Transmission electron microscopy (TEM) images were obtained on JEOL JEM-2100F instrument. 




50 nm 20 nm
(b) Ru/CeO2-Air-Red




Figure 5-7. Results of Ru K-edge Fourier transform of k3-weighted EXAFS analysis of Ru/CeO2 
during by heating in N2 and reduction. FT range: 30-120 nm
-1. The filtering range is listed in Table 
5-3.  
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Figure 5-8. Reduction behavior of Ru/CeO2-N2. (a) H2-TPR profile. (b) Coordination numbers 
from curve fitting of Ru K-edge EXAFS analysis during the reduction (Table 5-3). ○: Coordination 
number of Ru-O; ●: Coordination number of Ru-Ru. (c) Average oxidation state of Ru as a 
function of reduction temperature. ○: From Ru K-edge EXAFS analysis (Table 5-3). The average 
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Figure 5-9. Results of Ru K-edge Fourier transform of k3-weighted EXAFS analysis of Ru/SiO2. 
FT range: 30-120 nm-1. The filtering range is listed in Table 5-4.
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Figure 5-10. XRD patterns of Ru/SiO2. a) SiO2 [35], b) Ru/SiO2 only dried after impregnation, c) 
Ru/SiO2 after heating in N2 [35], d) Ru/SiO2 reduced in H2 flow at 573 K after heating in N2 [35].  




















Figure 5-11. Curve fitting of XRD patterns of (a) Ru/CeO2-Air, (b) Ru/SiO2, after heating in N2, 
and (c) Ru/CeO2-Air-Red with support and RuO2 phase.   













































Peak at 42.2 °
CeO2+Ru (7.4 nm)Ru/CeO2-Air-Red
Peak at 44.0 °
(c)
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Figure 5-12. Reduction behavior of Ru/SiO2. (a) H2-TPR profile [35]. (b) Coordination numbers 
from curve fitting of Ru K-edge EXAFS analysis during the reduction (Table 5-4). ○: Coordination 
number of Ru-O; ●: Coordination number of Ru-Ru. (c) Average oxidation state of Ru as a 
function of reduction temperature. ○: From Ru K-edge EXAFS analysis (Table 5-4). The average 
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Figure 5-13. Schematic representation of the structure of Ru catalysts. 
CeO2































The author investigated catalytic hydrogenolysis of hydrocarbons derived from algal biomass and 
polyolefins. Furthermore, the author also investigated the catalytic structure and formation 
mechanism of prepared Ru catalysts. 
In hydrogenolysis of squalane, addition of V with appropriate amount (V/Ru = 0.25) to Ru/SiO2 
catalyst improved the regioselectivity which meant lower methane selectivity and higher C14-C16 
selectivity than those of Ru/SiO2, although the activity was decreased. The decrease of methane 
formation is caused by not the fragmentation but the suppression of terminal C-C bond 
dissociations demonstrated by the model reaction. Ru particle size was not changed by addition of 
any amounts of V in spite of decrease of Ru dispersion with V amount. V species covered Ru 
surface and changed the selectivity pattern which might occur due to reducing the ensemble size 
of Ru metal. However, the catalytic performance of Ru-VOx/SiO2 was lower than Ru/CeO2 from 
the viewpoint of activity and suppression of methane formation. (Chapter 2) 
Ru/CeO2 catalyst gave 70 %-C of gasoline (C5-C12) yield in hydrogenolysis of hydrogenated 
botryococcene at 513 K and the value was the highest one among previous works about production 
of gasoline fuel in conversion of botryococcene. The main components of gasoline products were 
dimethylalkanes including 2,3-dimethylbutane which had high octane number and stability. 
Compared with other catalysts, Ru/CeO2 showed the highest yield of gasoline among Ru/SiO2, 
Ir/SiO2, and Pt/SiO2-Al2O3 which were Ru catalysts with different support, typical monofunctional 
catalyst, and bifunctional catalyst with metal and acid, respectively. Loss of carbon balance was 
observed when the conversion level was moderate, which was not seen in hydrogenolysis of 
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squalane. It might be caused by the complex isomerized products and the isomerization were 
caused by dehydrocyclization with two terminal Ctertiary-Cprimary bonds which was confirmed in 
model reaction. (Chapter 3) 
The structural change of Ru/CeO2 heated in inert gas flow and calcined in air and Ru/SiO2 in 
inert gas flow were investigated, respectively, using in situ Ru K-edge quick scanning X-ray 
absorption fine structure with temperature programmed reduction with H2. The reduction 
temperature decreased in the cases of both Ru/CeO2 and Ru/SiO2 heated in inert gas flow due to 
the formation of non-crystalline Ru oxide in contrast to the case of Ru/CeO2 calcined in air with 
formation of crystalline RuO2. Reduction of non-crystalline Ru oxide was reduced without 
aggregation, and therefore the crystallite size was determined during impregnation with 
dependence on support. Furthermore, crystalline RuO2 in Ru/CeO2 after calcination in air was 
reduced gradually with growing Ru crystallites inside Ru oxide/metal particle without aggregation. 
The above results showed that highly dispersed Ru particles on CeO2 had been formed before 
heating and the formation of non-crystalline Ru oxide prevent the aggregation during the reduction. 
(Chapter 5) 
Regioselective hydrogenolysis of hydrocarbons is highly important for production of 
transportation fuel from heavy hydrocarbons derived from algal biomass and waste plastics. From 
the regioselective hydrogenolysis to Csecondary-Csecondary bond dissociation, it was implied that the 
state of ensemble size of exposed Ru surface changed the regioselelctivity. The structural change 
during heating in inert gas and reduced with H2 suggested that selection of support and Ru 
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